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AB S TR AC T
An important goal of single photon emission tomography 
(SPECT) is the determination of absolute regional 
radionuclide concentration as a function of time. 
Quantitative and qualitative studies of SPECT with regard 
to clinical application is the object of this work.
Three basic approaches for image reconstruction and factors 
which affect the choice of a reconstruction algorithm have 
been reviewed, discussed and the reconstruction techniques, 
GRADY and CBP evaluated, based on computer modelling.
A sophisticated package of computational subroutines, 
RECLBL, for image reconstruction and for generation of 
phantoms, which was fully implemented on PRIME was used 
throughout this study.
Two different systems, a rotating gamma-camera and a 
prototype scanning-rig have been used to carry out 
tomography experiments with different phantoms in emission 
and transmission mode. Performance assessment and
reproducibility of the gamma-camera was tested prior to the 
experimental work .
SPECT studies are generally hampered for a number of 
reasons, the most severe being attenuation and scattering. 
The effect of scattered photons on image quality was 
discussed, three distinct techniques were utilised to 
correct the images and results were compared.
Determination of the depth of the source, Am-241 and 
Tc-99m in the attenuating media, water and TEMEX by 
analysing the spectroscopic data base on the SPR and 
spatial resolution was studied, results revealed that both 
techniques had the same range of depth sensitivity.
A method of simultaneous emission and transmission 
tomography was developed to correct the images for 
attenuation. The reproducibility of the technique was 
examined. Results showed that the technique is able to 
present a promising and a practical approach to more 
accurate quantitative SPECT imaging.
A procedure to evaluate images, under certain conditions 
has been defined, its properties were evaluated using
computer modelling as well as real data. Usefulness of the 
odd sampling technique to improve image quality has been 
investigated and is recommended.
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CHAPTER 1
V  INTRODUCTION
Emission computerised tomography (ECT) has as its 
major emphasis the quantitative determination of the moment 
to moment changes in the chemistry and flow physiology of 
injected or inhaled compounds labelled with radioactive 
nuclei within a thin transverse section of the body. The 
field of ECT is generally considered a subject of nuclear 
medicine where projection images of the organ distribution 
of injected isotopes are used to estimate normal and 
abnormal biochemistry and flow physiology. Compared with 
conventional nuclear medicine techniques, ECT offers an 
improvement in contrast in the image, since photons arising 
from activity in adjacent planes should not be detected, 
and hence should not contribute to the image. Therefore, 
this improved image contrast should result, eg. in better 
spatial localisation of lesions and improvement in
lesion detection rates. Moreover, by performing several 
transverse scans through a volume of interest, the complete 
three-dimensional distribution of radioactivity can be 
obtained, and an estimate of the total activity and volume 
of a labelled organ can be made. The first transmission- 
axial CT system was developed by Kuhl and Edwards (KUH, 
EDW 63).
Emission and transmission tomography are considered 
to be two supplementary imaging modalities for medical 
diagnosis, although there is a fundamental difference 
between their mathematical problems to be solved. In ECT, 
both the radioactive distribution and the distribution of 
attenuating medium are unknown, whereas in transmission 
computerised tomography (TCT) only the distribution of the 
attenuating medium is unknown. The major difference is the 
problem of attenuation in ECT, especially in single photon 
emission computerised tomography (SPECT) in which the 
integral of linear attenuation coefficient and integral of 
activity concentration which form the projection data are 
not separable and there is not an analytical exact solution
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for attenuation correction. Although, there exist
empirical methods based on phantom measurements and on 
associated theoretical models. A second important
difference is that of available statistics where ECT 
devices collect approximately 104 times less data per 
transverse section image than TCT. This is due to 
limitations imposed by the acceptable radiation dose for a 
given clinical examination and therefore there are 
statistical problems embedded in the reconstructive 
strategy. This is one of the reasons the reconstruction 
strategy for ECT involves investigation of iterative 
algorithms in order to incorporate weighting based on the 
expected errors.
ECT is divided into two different approaches: single 
photon emission tomography (SPECT) and positron emission 
tomography (PET). The recognition of the usefulness of 
SPECT has led to a rekindled interest in this modality 
leading to installation, in the recent past, of 400-500 
SPECT units worldwide (TER 85) . In particular, the success 
of PET has probably contributed to arrival of interest in 
SPECT. Perhaps in return, the acceptance of SPECT will 
diminish the fear of PET complexity. However, it now 
appears that the broader dissemination of SPECT in nuclear 
medicine will depend on the rate of development of newer 
clinically useful radiopharmaceuticals and also on the 
availability of instrumentation optimised for SPECT.
Accurate quantification of 'in-vivo' radionuclide 
distributions using SPECT requires good detectability as 
well as accurate measurement of both the size and 
radionuclide activity concentration in regions of interest. 
Ideally, the activity at any point in a tomographic section 
should be a linear function of the reconstructed average 
number of counts per pixel, and should be invariant of the 
size and shape of the scanned section. There are several 
factors which could affect those requirements, the most 
severe one is attenuation. Scattering is also another main 
parameter which not only affects the quantitative 
evaluation of an image, but also degrades quality of the 
image and results in a major source of error in the image
1/
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assessment. The use of Nal(Tl) as the primary detector for 
SPECT systems results in the inclusion of both scattered 
and non scattered photons within the projection data. 
Thus, a compensation procedure is required to eliminate or 
to minimise the scattering effect. In this work, several 
techniques were tested on experimental data under certain 
conditions and results were compared.
The problem of a non-uniformly attenuating medium in 
SPECT imaging is one of the major barriers which up to a 
certain extent hampers the accuracy of acquired data and 
consequently the processed image. This problem can be 
overcome in principle if an accurate map of the object 
(attenuating medium) is obtained by utilising transmission 
tomography. One suggestion is also to omit this time- 
consuming procedure and use an algorithm (i.e. iterative 
procedure) to achieve the aim. Several techniques and 
algorithms have been suggested by workers (GuL 85, AXE 87) 
but none so far can claim to be universal and the best. 
Computer modelling was used under clinical conditions to 
assess the behaviour of the few techniques employed with 
respect to quantitative and qualitative views. Interest in 
using iterative reconstruction techniques in routine 
clinical SPECT studies increases as computer capabilities 
with respect to speed and storage in the medical field are 
improving. Simulated phantom studies based on the 
iterative gradient were carried out and results were 
compared to those obtained by simple reconstruction method 
(ie-filtered back projection) currently used in the 
hospital (i.e. St. Lu ke's Hospital, Guildford).
The chapters that follow describe fundamental image 
reconstruction procedures and techniques to minimise the 
scattering effect and to correct for attenuation.
V
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CHAPTER 2
QUANTITATIVE IMAGING IN NUCLEAR MEDICINE
Radioisotope scanning techniques are used to produce 
images of the three-dimensional distribution of a 
radiopharmaceutical in various body organs, by the external 
detection of emitted gamma-rays. These images provide 
information concerning the physiological function of 
various tissues and organs. The goal of quantitative
scanning in nuclear medicine is the determination of the
total radioactivity and/or the radioactive concentration 
in a target volume within a patient. The target volume 
maybe a whole organ, part of an organ, a tumour, or a
lesion, which has been labelled with a suitable
radiopharmaceutical.
The success of the procedures developed for 
quantitative scanning depends on the choice of the 
radiopharmaceutical and on the imaging technique. With 
respect to tumour localisation, the properties of the 
radiopharmaceutical must be such that localisation occurs 
in the tumour being investigated, with minimal 
radioactivity in the surrounding tissues and with minimal 
radiation dose to the patient. The properties of the
imaging system must be such that the information in the
image can be related to the activity within the volume of 
interest.
2.1: CONVENTIONAL IMAGING
Two types of instrumentation have been developed for 
conventional nuclear medicine imaging: moving-detector and 
stationary-detectors (ie. scanners and cameras). Multiple- 
hole focused collimators have been designed for use with 
radioisotope scanners to achieve both fine spatial 
resolution in the focal plane and high sensitivity.
Cameras were also introduced into nuclear medicine in the
1950s. The principle of operation of the gamma-camera, 
with pinhole collimators, was described by Anger (ANG 58).
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Since then, a range of collimators have been developed for 
conventional imaging, and the most common in use today is 
the multiple parallel-hole collimator (ANG 64), which does 
not introduce spatial distortion in the production of the 
image.
The problems of determining the quantities * of 
radioactivity in localised regions of the body have been 
analysed since Evans (EVA 37) estimated the amount of 
radioactivity in radium dial painters. Two main sources 
of error are the dependence of the sensitivity of a 
detector on the distance from the radioactive source to the 
detector, and the effect of attenuation and scattering of 
the gamma-rays being emitted.
Several workers have used the combined response of 
opposed scanning detectors to obtain an isosensitive system 
such that the sensitivity is independent of the source 
depth. The combined response can be considered to 
represent the total activity lying in a cylindrical volume, 
the axis of which coincides with the collimator axes, and 
the cross-sectional area of which represents the spatial 
resolution of the detectors. However, the sensitivity 
still depends on the body thickness and composition. 
Therefore, an independent thickness measurement and a 
correction for inhomogeneities are required in addition to 
careful calibration of the system before an isosensitive 
scan can be used for accurate quantitative measurements.
An inherent disadvantage of conventional imaging is 
that information which arises from different planes of an 
organ is superimposed in the image. Moreover, since the 
radiopharmaceuticals used in nuclear medicine are not 
totally organ specific, images obtained using isosensitive 
scanning have poor contrast due to radioactivity in tissue 
above or below the organ under investigation. Subtraction 
techniques are necessary to correct for unwanted detection 
of photon from tissues surrounding the volume of interest. 
Another limitation of isosensitive scanning is the mobility 
of the method to provide a direct measurement of the 
radioactive concentration (i.e. the radioactivity per unit 
volume). This is because no depth information is obtained
5
f r o m  t h e  i s o s e n s i t i v e  s c a n .
V
2.2S TOMOGRAPHIC IMAGING
In order to overcome the problems of conventional 
nuclear medicine imaging, emission tomographic techniques 
have been developed. Using these techniques, the
radioactive distribution in selected planes is clearly 
shown while the information from adjacent structures is 
blurred, minimised or absent. Thus, tomographic imaging 
produces significantly greater image contrast than 
conventional imaging. The ultimate aim of emission 
tomography is the production of images which accurately 
represent the distribution of radioactivity in each section 
of interest. The counts recorded in each element of an 
emission tomographic image represent the activity in a 
small volume element of the object. Thus, emission 
tomography has the potential to enable the calculation of 
radioactive concentration at any point in the body.
Emission tomography can be classified into two general 
types based on the orientation of the body plane being 
imaged: longitudinal and transverse section.
2.2.1: LONGITUDINAL-SECTION TOMOGRAPHY
The use of a longitudinal tomographic system allows 
the reconstruction of a plane, in an object, that is 
parallel to the plane of the detector. In clinical use 
this plane is usually parallel to the plane of the body. 
Several different types of instrument have been developed 
for this type of imaging (ARI 73, BUD 80).
An early longitudinal tomographic system developed by 
Anger (ANG 69) used focused collimators mounted on to 
scintillation cameras that allowed the generation of 
multiplane tomographic images. An updated, computerised 
version of this system (Pho/Con Imager) was later marketed 
by Searle.
A system using a rotating slant-hole collimator was 
originally developed by Muehllehner (MUE 71). IN this
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system, the collimator rotates, viewing the object under 
examination from different angles, allowing the generation 
of longitudinal tomograms. Various moving (usually 
rotating) collimators have been designed (eg. slant hole, 
pinhole, diverging or converging multihole). The
stationary collimators fall into two categories: coded
apertures (such as the Fresnel zone-plate) which produce 
images that need to be decoded and segmented apertures 
(such as the multiple pinhole) which produce separated 
images, each providing a different angular view of the 
object. The blurring problems can be solved by methods 
employing either deconvolution or iterative techniques 
(e.g. WEB 78) , but the depth resolution is still poor. 
There are several other problems associated with 
longitudinal emission tomography
I Noise propagation, which occurs during the
decoding stages ?
II Attenuation compensation, which is complex;
III The decoding calculation, which is
computationally costly;
IV Non-uniformity corrections and distortions;
V Incomplete angular sampling, which results in
degradation of the spatial resolution with 
distance from detector.
As a result of these problems, the tomographic images are 
essentially qualitative unless orthogonal views are used 
(BIZ 83) . However, it should be remembered that, for 
stationary detectors, longitudinal devices, dynamic ECT is 
possible and in general the image times are less than 
transaxial ECT.
2.2.2S TRANSVERSE SECTION TOMOGRAPHY
Transaxial emission tomography was pioneered by Kuhl 
and Edwards (KUH, EDW 63) . In this technique detectors 
moved around, or surround a section of the body to achieve 
complete 360° angular sampling of photons from a thin 
section; each transverse plane is defined by physically 
limiting the field of view of the detection system.
7
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Two types of transaxial emission tomographs have been 
produced for use with single-photon or positron-emitting 
radionuclides. Most of the tomographs for single-photon 
imaging comprise scanning detectors or gamma-cameras. The 
equipment for positron imaging employs annihilation 
coincidence detectors, which surround the patient. An 
advantage of positron emission tomography, compared with 
single photon emission tomography (SPECT), is that more 
biologically-significant chemical elements are available 
for labelling. The main problems of transverse-section 
emission tomography are noise propagation, attenuation 
compensation and scattering effects in the reconstruction 
process. In order to overcome these problems, various 
methods of correcting for attenuation and scattering have 
been investigated and more sensitive devices have been 
developed.
Transaxial emission tomography is inherently superior 
to longitudinal-section tomography (FLO 82), since only 
photons from the plane of interest are detected and equal 
resolution can be achieved in all three dimensions. 
Provided large crystals or increased number of crystals and 
efficient collimators are used, it should be possible to 
design transverse-section emission tomographs with high 
sensitivity. Moreover, provided corrections are made for 
photon attenuation and scattering, and sufficient-counts 
are recorded, it is feasible to obtain accurate 
quantitative information from the reconstructed images (FLO 
82) .
2 . 2 . 3 S  FACTORS AFFECTING QUANTITATION IN CAMERA BASED 
SPECT
There are many factors which can affect the quantitative 
precision and accuracy of SPECT data. There are basically 
three levels of quantitative information available from 
imaging a radionuclide distribution in clinical 
environment.
I The first and lowest level consists of the
detection of a lesion and its location.
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II The second level consists of determing the 
dimensions (length and volume) of a radionuclide 
distribution.
III The final level and ultimate objective of
'in-vivo1 radionuclide imaging, is to determine 
absolute regional radionuclide concentration as a 
function of time.
A few of the principle aspects, which affect the 
quantitation are listed in table (2.1). However, future 
success of quantitative imaging using transaxial ECT relies 
on the development of new radiopharmaceuticals, more 
sensitive equipment and the implementation of source 
attenuation compensation.
\S
(1) Reconstruction algorithm
(2) Gamma camera/collimator performance
(3) Physical aspects
a - attenuation of gamma radiation and method 
of correction, 
b - scattered gamma photons.
c - statistical nature of detection process, 
d - gamma ray energy of radionuclide.
(4) Physiological aspects
a - patient or object motion and size, 
b - temporal changes of radiopharmaceutical in 
patient.
Table 2.1 Major factors affecting quantitation in camera 
based SPECT imaging.
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CHAPTER 3
E M IS S IO N  CO M PUTER ISED TOMOGRAPHY (E C T )
3,1: IMAGE RECONSTRUCTION AND EVALUATION OF ALGORITHMS
BY COMPUTER SIMULATION
The general aim of all image reconstruction procedures 
is to process the data to form an image and so to 
facilitate the interpretation of the measurement. No 
single technique has been found capable of processing 
satisfactorily the wide variety of projection measurement 
geometries and quantity and precision of data which occur 
in practical applications. The reconstruction algorithm 
constitutes the mathematical link between the measured data 
and the tomographic image. The central problem of 
computerised tomography is the determination of a function 
f(x,y) from a sufficient set of projections p(£,9) where:
the projection p(£,0) is the line integral of the function 
f(x,y) over the line L(£,0) which is specified by its angle 
9 with respect to y axis and its distance 
(£ = x cos 0 + y sin 9) from the origin (fig 3.1).Ip(£,0) 
is called raysum or ray-projection and a projection profile 
is defined as the set of ray-projections at one angle, 0. 
This mathematical problem was originally tackled by Radon 
(RAD 17) , but has also been solved independently in the 
fields of radioastronomy and electron microscopy (BRA 67, 
CRO 70).
There have been three basic approaches to the problem and 
have been categorised as:
I Summation techniques
II Analytical techniques
III Iterative techniques
(3.1)
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Fig. 3.1 Coordinate system defining the line L(£,0) in a system of an object, 
which is represented by the function f(x,y). The line L is specified 
by its angle, 0, with the y axis, and its distance from the original, 
(£=x cos 0 + y sin 0). The y coordinate denotes the distance along 
the line L(£,0).
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A practical problem in the application of the 
reconstruction methods to both transmission and emission 
imaging concerns the validity of equation (3.1) for the 
detection methods employed. This is in relation to the 
accuracy with which the measured projections represent true 
line integrals of the function to be determined.
In TCT, the function f(x,y) is the spati al distribution 
of linear attenuation coefficients, jit(x,y), in a transverse 
section of the body. If IQ and It are the incident and 
transmitted intensities respectively, the projection is 
related to these two quantities by:
p(f,8) = “In (I/IJ= f p  (x / y ) d v (3.2)
7L(€.#0)
Geometrical problems are caused by the finite size of the 
focal spot and the collimation of x-ray or Y -ray beam. 
Additional problems are associated with the fact that p ( x , 
Y) is a function of the energy of the photons. As a x-ray 
beam passes through the body tissues, low-energy photons 
are preferentially absorbed ('spectrum hardening') and this 
leads to various artifacts in TCT (BRA 67).
In SPECT the function f(x,y) to be determined is the 
spatial distribution of the radioactivity A(x,y) in a 
transverse section of the body. Geometrical problems are 
present due to the finite size of the detector, and the 
variation of the field of view with the distance from the 
detector. However, if a single well-collimated detector 
is used to detect only those photons which are emitted 
along the line L(£,e), and if scatter is rejected,
P ( £ , e )  =  k  f  f  (x,y) exp [  -  j  p  ( x , y ) dv' ] d y ( 3 . 3 )
u < © >  L c e , e , x , y )
where k is the calibration factor for the detector. In
addition to the geometrical problems, equation (3.3) shows
that the measured counting rate is not a simple line 
integral of the radioactivity but it is a more complicated
function involving the distribution of linear attenuation
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coefficients, M(X/Y)* In addition to geometric and 
attenuation problems, the detection of insufficient photons 
results in noisy projection data, and causes uncertainties 
in the reconstructed image. The propagation of statistical 
errors is discussed in section (3.2.1).
3.1.IS WEIGHTING FACTOR FOR PROJECTIONS
Implicit in any of the algorithms for transverse 
section reconstruction is a model which allows the 
parameterisation of a two-dimensional distribution (source 
density for emission tomography or attenuation coefficient 
for transmission tomography). Many methods represent the 
distribution by dividing the reconstruction region into 
small squares, nonoverlapping subdivisions called pixels. 
The reconstruction then gives values of the distribution in 
each of the pixels, denoted by A... The weighting factor, 
(fe,-j) , is defined to be that factor which when multiplied 
by the true value of the (i,j) pixel gives its contribution 
to the expectation value of P(-£,0) under the assumptions of 
the model. This factor incorporates the geometry of the 
measurement process and in SPECT can incorporate weighting 
information to compensate for attenuation. The most common 
basic geometry is the parallel beam situation wherein data 
are collected along parallel or collinear paths defined by 
the acceptance volume of each collimator channel (fig. 3.2) 
where NDIMU is the linear dimension of reconstruction array 
and KDIMU is the dimension of the user, projection array.
3.I.2. THE SUMMATION TECHNIQUE
The simplest image reconstruction technique is the 
straight forward back-projection or summation method which 
includes both back projection of the projection data into 
the tomographic plane and the superposition of all 
projections at angles (0-27r) around the object (fig. 3.3). 
Back-projection can be expressed mathematically as:
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fbp(x 'Y) = / P(x cos 0 + y sin©, 0)d© (3.4)
o
where fbp(x,y) is the pixel value obtained after 
reconstruction at the position (x , y) of the tomographic 
plane and P(x cos 0 + y sin 0) = P(£,0) are the projection 
data at the point (f,9) along the projection axis (fig. 
3.1) .
Back-projection under the name 'transverse sectional 
scanning* was probably the first image reconstruction 
reported in the field of nuclear medicine, when used by 
Kuhl and Edwards (KUH, EDW 63) in their first experiment 
to obtain sectional images from scintigraphic examinations 
by an analogue technique. The serious drawback of back 
projection, however, is that the images obtained are 
blurred. Its applicability is therefore strongly limited. 
In a modified approach (KUH S3), however, improved results 
were obtained using an additional orthogonal tangent 
correction routine.
Despite its poor image reconstruction qualities, back-- 
projection is the starting point for all further advanced 
techniques.
3.1.3S ANALYTICAL TECHNIQUES I
Analytical techniques rely on exact mathematical 
solution for the reconstructed density f(x,y). These 
solutions are designed to remove the blurring star artefact 
that appears around an image point in the back-projection 
process. Essentially these techniques can be categorised 
into:
I two-dimensional Fourier reconstruction
II convolution (filter) back-projection.
In this study, one of the techniques which has been 
employed for reconstruction images is the convolution back- 
projection method. A brief description of the method is 
presented here but more details are given in Appendix A. 
Section A.l shows that Fourier transform theory can be used
2ir
1 4
F i g .  3 . 2 Parallel beam geometry for data collected at projection angle 8 (Redrawn 
from RECLBL - Pub. 214).
PC<?,03
Fig. 3.3 Four projection, P(l,8-) and the summation image formed by summing the 
four corresponding back-projections. The original object was two absorbing 
disks of different sizes.
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to derive the relationship between the function f(x,y) and 
its projections P(£,8). This relationship is represented 
by:
Z7T
f (x,y) = f p'(£ = x cos e + y sine, 0)d0 (3.5)
o
which shows that f(x,y) is equal to the linear 
superposition of filtered back-projections; the filtered
where R represents the spatial frequency, and FT denotes 
the Fourier transform. Equation (3.6) shows that the 
modification of the projections can be considered as a 
filtering process in the frequency domain. The filter 
applied to the projection essentially amplifies the spatial 
frequencies of the projection profiles in such a way that 
the amplification is proportional to the spatial frequency. 
This is the most common filter and called the r a m p  filter. 
More details of the filters which are used in this study 
are given in section (3.3).
In practice, only a finite number of projections are 
measured, and each projection is sampled discretely. Also 
the function f(x,y) is determined at discrete values of x 
and y on an image matrix. Therefore, equation (3.5) can be 
rewritten as:
f(i6x, j 6y) = SNm=1 P(k6£, m6e) (3.7)
where i, j, k, m and N are integers, and 6x, 6y, 6£ and <50 
are intervals of x, y, £ and 0 respectively. The interval 
of 0 is:
60 = 27T/N (3.8)
or modified projections, p(£,©) are related to the original 
projections by:
FT ( P ( £ , 0 ) } = |R| X FT {P (£,0 ) } (3.6)
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where N is the number of projection profiles which are 
recorded at regular intervals over the range 0 to 2w . The 
convolution in real space is represented by:
P^(k<5£,0) = S& S<ak'=a}P(Ks e , e )  q [(k-k)6.e] (3.9)
where q (k<5£) represents the discrete convolution function. 
Although the filtered back-projection reconstruction method 
is based on Fourier transform theory, the algorithm can be 
implemented entirely in real space. An advantage in the 
computer implementation of this technique is that the 
contribution of each projection profile to the 
reconstruction can be formed immediately and then be 
discarded from the computer memory while the next profile 
is being recorded. The reconstructed image is built up 
gradually as each profile makes its contribution.
The convolution and back-projection methods can, 
however, be implemented in Fourier space. This equivalent 
reconstruction method is known as the two-dimensional 
Fourier reconstruction. It is based on the central section 
theorem (see appendix A) which states that the one­
dimensional Fourier transform of a projection P(£,9), is 
equal to the corresponding central section through the two- 
dimensional Fourier transform of f(x,y) (i.e. FT (f(x,y)}). 
Therefore, FT (f(x,y)} can be determined from the one­
dimensional Fourier transforms of the projections arranged 
along the appropriate diagonals in frequency space. 
Interpolation between the finite number of radial lines is 
necessary to determine the values of FT{f(x,y)} for high 
spatial frequencies, and f(x,y) is determined from the 
inverse transform of |r | x  FT (f(x,y)} (from eq . A.6).
The disadvantages of two-dimensional Fourier 
reconstruction are that all the transformed projections 
have to be stored simultaneously before the final 
inversion, and the interpolation is complicated (CHO 75). 
It is also slower than the convolution method, since double 
summations over two dimensions are involved instead of 
single summations. The filtered back-projection technique 
is the most commonly used reconstruction algorithm because
1 7
of its ease of implementation. However, the main 
disadvantage of this method for SPECT is that it does not 
easily allow the incorporation of a correction for photon 
attenuation. This problem is discussed in section (3.5).
3.1.4S ITERATIVE METHODS
The third approach to reconstruction of the value 
f(x,y) is to begin with an arbitrarily chosen distribution, 
which is then adjusted iteratively until the projections of 
the adjusted distribution match the measured projections. 
Since the adjustments can be made in a variety of ways, 
many different iterative techniques have been developed and 
these are classified according to how the correction is 
applied to the pixels.
I The iterative lease-square technique (ILST)
(BUD 74).
II The algebraic reconstruction technique (ART)
(HER 73).
Ill The simultaneous iterative reconstruction
technique (SIRT) (GIL 72) .
In this study, the method (I) has been employed for 
reconstructing the images and the technique is described 
in detail in the following section.
The iterative techniques do not lend themselves 
readily to theoretical analysis, so their properties are 
usually investigated through simulation. Phantom
simulation studies were carried out to assess the effects 
of a number of parameters under conditions encountered in 
nuclear medicine. These parameters are the number of 
iterations, the number of projections and the order of 
projections.
Il THE ITERATIVE LEASE-SQUARE TECHNIQUE
This method is a valid relaxation method of 
approximation and perhaps more acceptable from a 
mathematical and statistical view point than ART and SIRT 
(GOR 74, BUD 74). Consider the projected data from the
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transverse section through an object as the line integrals 
of activity symbolised as:
R L(e) = si,j e L<e)f ij A (±/j) (3.10)
where l  is the particular ray from projection e  and A(i,j) 
is the activity concentration in positions i,j of the 
transverse section (fig 3.2). This equation can be written 
as:
=  RnL(e> -  S M E r a y u e + V C i ' i ) -  e = l ,  M
(3.11)
where f0-- is a weighting factor for geometry and 
attenuation and R^e) -^s ’^lle estimated projection value at 
iteration n. It is required that the square of the 
difference between the observed and the estimated 
projection values
CPL<e) -  Rnu e , ] 2
R j0)) = S -------------------- (3.12)
2.
°  L(9)
be a minimum. The idea is to improve the values of isotope 
concentration given in the previous iteration in a least- 
square sense. Here crL{0) is the standard deviation, which 
can be estimated as the square root of the observed data. 
Solving for An+1(i0,j0), we have:
(3.13)
i.j. [PL<©)“S<i,j)ErayL<0)f ijA(ifj)]/ °  |_(0))
A ^ ( i o(jo) = ----------------------------------------------
s e [ f e i . j . / < W 2
which using PL(0) = cr2U0)/ simplifies to:
[SGfiaj (1-RnL(e)/Pue))] (3.14)
AnA(i0,j0) = --- ------------ - -------
s e ( f 0 i . j . 2 / P L ( e > )
The solution oscillates at each iteration unless some 
damping is applied to AAn (i0,j0) and this damping
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multiplicative factor is also chosen in a least-square 
sense, thus:
(3.15)
The new isotope concentration values after iteration (n+1) 
are:
Attenuation is incorporated in the weighting factor 
(f) or by other methods as will be discussed in section 
(3.5). Two iterative reconstruction techniques of this 
class:
were implemented and used by the author. The difference 
between these two iterative methods is based on choosing 
the direction of the next step in the iterative process.
A simulated phantom was generated using the program 
developed by the author to compare the convergence 
properties of these two algorithms, where scattering is 
ignored. It was revealed that the conjugate gradient gives 
better convergence (i.e. it has a square of the difference 
value six times less than the gradient) and better 
resolution, but gives more apparent background artefact. 
Comparison of these two algorithms are demonstrated in 
figures (3.4) and (3.5). In ILST all the projections for 
each iteration are calculated at the beginning and then all 
corrections are applied simultaneously to all the pixels.
IIS THE ITERATIVE ALGEBRAIC RECONSTRUCTION TECHNIQUE
In this technique, at the beginning of each iteration, 
one line integral is calculated and corrections are applied
(3.16)
(a) the gradient method
and
(b) the conjugate gradient method
20
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Fig. 3.4 Comparison of convergence properties of two iterative reconstruction
techniques with respect to value of R.
Fig. 3.5 Comparison of two images reconstructed by the; (a) gradient, (b)
C.gradient showing the background artefact.
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to all points that contribute to the line. This is 
repeated for each line integral in the projection and for 
each projection with the previous correction embodied in 
the succeeding calculation. If a measured projection is 
defined as equation (3.10), for each pixel a correction 
factor AAn(i,j) , equation (3.14) is computed and immediately 
applied to all the pixels in the image, but note that
*An(i,j) s o for image cells not interested or contained in
the 0 projection. The corrected value is given by:
Anf1(i0>j0) = An(i0,j0) + a An(i0, j0) (3,17)
A constraint could be applied such that any negative pixel 
values is reset to zero. In order to increase the spead of 
convergence, a damping factor, 8 , could be used, and 
therefore the corrected value is given by:
An+1(i0,j0) = max[o,An(i0,j0) + <5 a An(i0, jQ) ] (3.18)
Ills THE SIMULTANEOUS ITERATIVE RECONSTRUCTION TECHNIQUE
This method also called point by point reconstruction, 
was introduced by Gilbert (GIL 72) in electron microscopy. 
For each point, all the image projections for rays passing 
through that point are calculated and summed. A correction 
factor, based on the discrepancy between this calculated 
sum of image projections and the sum of the actual object 
projections, is then applied immediately to that image 
point.
3.2: SAMPLING REQUIREMENTS AND THE COMPUTER SIMULATED
EVALUATION
The linear sampling of the projection data should 
satisfy the sampling theorem, which states that data should 
be sampled in intervals which are less than, or 
equal to, one half the inherent detector spatial 
resolution. However, if the interval is much smaller than 
this value, the projection data are subject to larger 
statistical fluctuations than is necessary.
2 2
Huesman (HUE 77) has studied the linear and angular 
sampling requirements in relation to the propagation of 
statistical errors in computerised tomography using 
iterative reconstruction techniques. He has shown that, 
to make use of the data efficiently and to limit 
statistical fluctuations in the image, the number of 
angles, N, over which linear projection profiles should be 
taken, and the linear sampling interval, a£ , are given by 
the following two inequalities:
7TD
N>
2a,
(3.19)
where D is the diameter of the reconstruction region, and 
ac is the resolution length (or the linear dimension of the 
cells into which the reconstruction region is divided); and
a£ < ac (3.20)
Huesman recommends that (a£) should be between 0.4ac and 
0.7ac but, in practice, this inequality (3.20) is often not 
satisfied since it is often computationally easier to make 
at  equal to ac. It should be noted that, if a£ = ac/2, the 
inequality (3.19) becomes
7TD (3.21)
N> -----------
4( a £ )
and if a£ = ac, the inequality (3.19) becomes
7TD (3.22)
N >  -----------
The inequality in (3.22) is the more commonly used 
condition and corresponds to an agreement between the 
recommendation by Bracewell and Riddle (BRA 67) and that
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by Ramachamdran and Lakshminararayanan (RAM 71) (i.e.
M <N/?rD, where M is maximum spatial frequency) .
Computer simulation of different phantoms (i.e. Size, 
geometry and density or activity per unit volume) was 
carried out by the author and the effects of angular and 
linear sampling on reconstructed images with respect to 
contrast, fidelity (Qf) , 8 (i.e. for definition see chapter 
6) and visual inspection were evaluated (fig. 3.6 and fig. 
3.7). Percentage deviation (PD) of Qf from the ideal case 
(Qf — 1) for the angular sampling numbers (40 to 64) is< 
8%. The PD increases slowly as angular sampling decreases 
up to the projection number 32 (i.e. PD = 13%) and then
increases rapidly (i.e. PD = 55% for 16/360° and PD > 100% 
for 8/360°) . Similar values were also obtained for PD with 
respect to 5. If the images reconstructed, assumed to be 
acceptable only when their reproducibility with respect to 
the ideal image is greater than 90%, then in the authors 
opinion the angular sampling of 40 or more should be 
chosen. However, it should be noted that data are noise 
free and scattering was neglected.
3 . S . 1 i  PROPAGATION OF STATISTICAL ERROR
For ECT, Budinger (BUD 77) proposed the following 
formula, which is based on Huesman's work. The percent 
standard deviation (%S.D.) for a uniform disc source of 
activity is given by
%S.D. = (S .D ./Mean) x 100 = K.n374. T'1/2 (3.23)
where n is the number of pixels in the region of interest 
and T is the total number of counts in that region and K 
is a constant of proportionality dependent upon the filter 
used. Equation (3.23) is only valid under the condition of 
adequate linear and angular sampling, and for a uniform 
disc of activity. For non-uniform distributions (Bud- 
1978) empirically substituted, an effective number of 
resolution cells (i.e. pixels) in the equation (3.2 3):
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bF ig .  3 . 6 . 2  Comparison (or visual inspection) of two reconstructed images with respec
to angular sampling; (a) AO projection/360° and (b) 8 projection/360°
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F ig .  3 . 7 . 1  Response of contrast (a) and N / S  (b) versus linear sampling 
number of projections (i.e. 64/360°).
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F xg . 3 . 7 . 2  Visual inspection, comparison of images reconstructed with variable step- 
length over a fixed matrix size (64 x 64)
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% S . D .  =  k .  [ M t +  ( l i h M h / n , )  ] 3/4. t ' 1/2 (3.24)
w h e r e  M t  a n d  M b a r e  t h e  n u m b e r  o f  p i x e l s  i n  t h e  t a r g e t  a n d  
b a c k g r o u n d  r e s p e c t i v e l y  a n d  n b  a n d  n t  a r e  t h e  a v e r a g e  c o u n t s  
p e r  p i x e l  i n  t h e  r e g i o n  o f  i n t e r e s t s  o f  t h e  b a c k g r o u n d  a n d  
t h e  t a r g e t  r e s p e c t i v e l y .
A n  a d d i t i o n a l  a s p e c t  o f  n o i s e  p r o p a g a t i o n  i n  E C T  i s  
t h e  i n f l u e n c e  o f  e r r o r s  i n  t h e  a t t e n u a t i o n  c o e f f i c i e n t s  
u s e d  t o  c o r r e c t  t h e  p r o j e c t i o n  d a t a  b e f o r e  r e c o n s t r u c t i o n .  
T h e  f r e q u e n c y  s p e c t r u m  o f  t h e  n o i s e  i s  e s s e n t i a l l y  f i l t e r  
f u n c t i o n  s h a p e d  ( R E I - 1 9 7 8 ) :
N  ( f )  =  F I L T  ( f ) 2/ f  ( 3 . 2 5 )
w h e r e  N ( f )  i s  t h e  N o i s e  W i e n e r  s p e c t r u m ,  F I L T ( f )  i s  t h e  
f i l t e r  u s e d  i n  f i l t e r e d - b a c k  p r o j e c t i o n  i n  t h e  f r e q u e n c y  
s p e c t r u m ,  a n d  f  i s  t h e  s p a t i a l  f r e q u e n c y .
3 . 3 S  CHARACTERISTICS OF EMPLOYED CONVOLVERS AND FILTERS
T h e r e  h a v e  b e e n  s e v e r a l  c o n v o l v i n g  f u n c t i o n s  o r  
f i l t e r s  a s  t h e y  a r e  c o m m o n l y  k n o w n ,  d e r i v e d  b y  
a p p r o x i m a t i o n  o f  t h e  F o u r i e r  t h e o r y .  T w o  e x a m p l e s  o f  
c o n v o l v e r s  i n  t h e  R E C L B L  l i b r a r y  ( s e e  s e c t i o n  6 . 1 )  w h i c h  
h a v e  b e e n  u s e d  i n  t h i s  s t u d y  a r e s
I -  T h e  R A L A  c o n v o l v e r  ( R A M ,  L A K  7 1 )  ,  a n d  i s  g i v e n  b y
t h i s  c o n v o l v e r  m u s t  b e  u s e d  o n l y  f o r  p a r a l l e l  b e a m  
g e o m e t r y .  T h e  R A L A  c o n v o l v e r  i s  t h e  d i g i t a l  r e p r e s e n t a t i o n  
o f  t h e  R A M P  c o n v o l u t i o n  f u n c t i o n
I I -  T h e  S H L O  c o n v o l v e r  ( S H E ,  L O G  7 4 ) ,  a n d  i s  g i v e n  b y
1 / 4 ( a £ ) 2
q ( k A f )  =  - l / ? r 2k 2 ( A £  ) 2 
0
f o r  k  =  0
f o r  k  o d d
f o r  k  e v e n ,
( 3 . 2 6 )
4 / 7 r ( a £ ) 2 f o r  k  =  0
q t ( k A f ) ( 3 . 2 7 )
4 / 7 T  (  a £  ) 2 (4k2-l) for k A 0
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t h i s  c o n v o l v e r  a l s o ,  m u s t  b e  u s e d  o n l y  f o r  p a r a l l e l  b e a m s  
g e o m e t r y .  ( a £ )  i s  t h e  l i n e a r  s a m p l i n g  i n t e r v a l .  U s i n g  t h e  
a b o v e  c o n v o l v e r s  f o r  p e r f e c t  d a t a  ( i . e .  d a t a  c o l l e c t e d  a t  
s m a l l  i n t e r v a l  o v e r  a l l  a n g l e s )  ,  t h e  r e s o l u t i o n  i n  t h e  
r e c o n s t r u c t e d  i m a g e s  a r e  s i m i l a r ,  b u t  t h e  S H L O  c o n v o l v e r  
r e d u c e s  n o i s e  a m p l i f i c a t i o n  f o r  d a t a  w i t h  s t a t i s t i c a l  
f l u c t u a t i o n s .  F i g u r e  ( 3 . 8 . 1 )  c o m p a r e s  t h e  g r a p h s  o f  t h e  
R A L A  a n d  S H L O  c o n v o l v e r s  a n d  f i g u r e  ( 3 . 8 . 2 )  r e p r e s e n t s  
r e c o n s t r u c t e d  i m a g e s  e m p l o y i n g  t h e  a b o v e  c o n v o l v e r s .
T h e  t y p e  o f  f i l t e r s  w h i c h  c o u l d  b e  u s e d  f o r  f i l t e r  
b a c k - p r o j e c t i o n  a l g o r i t h m  ( F B P )  a r e  o r g a n i s e d  i n t o  f i v e  
g e n e r a l  c l a s s e s  ( H U E  7 7 )  a s :  B U T E R ,  H A M ,  H A N ,  P A R Z N  a n d
R A M P .  T h e s e  f i v e  f i l t e r s  c o r r e s p o n d  t o  m u l t i p l y i n g  t h e  
R a m p  f u n c t i o n  i n  f r e q u e n c y  s p a c e  b y  o n e  o f  t h e  f o l l o w i n g  
w i n d o w s :  B u t t e r w o r t h ,  H a n n ,  H a m i n i n g ,  P a r z e n  o r
r e c t a n g u l a r .  T h e  t w o  w i n d o w  f u n c t i o n s  w h i c h  w e r e  a v a i l a b l e  
i n  t h e  S t a r  s o f t w a r e  ( S e e  S e c t i o n  4 . 2 )  a n d  h a v e  b e e n  
e m p l o y e d  i n  t h i s  s t u d y  a r e ;  H a n n  a n d  B u t t e r w o r t h .  T h e s e  
t w o  w i n d o w s  a r e  m u l t i p l i e d  b y  t h e  R a m p  f u n c t i o n  t o  g i v e  
H a n n  a n d  B u t t e r w o r t h  f i l t e r s  r e s p e c t i v e l y .
I  H a n n  f i l t e r :  T h e  H a n n  w i n d o w  i s  d e f i n e d  b y
W ( f )
0 . 5  ( 1  +  c o s  7 r f / f m)  f o r  | f |  <  f m
( 3 . 2 8 )
0  f o r  I f I  >  f 'm
m u l t i p l y i n g  t h e  H a n n  w i n d o w  b y  t h e  R a m p  f u n c t i o n  g i v e s  t h e  
H a n n  f i l t e r :
q ( f )  =
0 . 5  ( | f  | +  | f  | c o s  7 r f / f m f o r  | f  | < f m
( 3 . 2 9 )
0  f o r  I f I  >  f
U s i n g  t h i s  f i l t e r ,  p r o d u c e d  i m a g e s  h a v e  a  s m o o t h e r  f i x t u r e  
w i t h  a  l o s s  i n  r e s o l u t i o n ,  s i n c e  i d e a l l y ,  f o r  g o o d  
r e s o l u t i o n ,  t h e  w i n d o w  f u n c t i o n  s h o u l d  h a v e  a  c o n t r o l  l o b e  
t h a t  i s  t a l l  a n d  n a r r o w .
I I  B u t t e r  f i l t e r :  T h e  B u t t e r w o r t h  w i n d o w  i s  d e f i n e d  b y
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F i g ,  3 . 8 . 1  The convolver RALA, SHLO in the RECLBL library used with parallel beam
geometry for reconstruction the images.
F i g .  3 . 8 . 2  Comparison of two images reconstructed, utilising; (a) SHLO convolver and
(b) RALA convolver.
3 0
[ i+ ( f / f n) 2nr 1/2 for I f I ( f ,
W(f) (3.30)
0 f o r  | f |  >  f m
m u l t i p l y i n g  t h e  w i n d o w  b y  t h e  R a m p  f u n c t i o n  g i v e s  t h e  
B u t t e r  f i l t e r :
w h e r e  f m i s  c u t - o f f  f r e q u e n c y  ( i . e .  . 2 5  <  f  <  ! )  a n d  2 n  i s  
t h e  p o w e r  f a c t o r  ( i . e .  5  <  2 n  3 0 0 )  .  T h e  m a j o r  a d v a n t a g e  
o f  t h e  f i l t e r  i s  t h a t  i t  c a n  b e  m o d i f i e d  a c c o r d i n g  t o  t h e  
a m o u n t  o f  n o i s e  i n  t h e  p r o j e c t i o n  d a t a .
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A  v e r y  l a r g e  n u m b e r  o f  a l g o r i t h m s  e x i s t  f o r  i m a g e  
r e c o n s t r u c t i o n .  R e c o n s t r u c t i o n  a l g o r i t h m s  c a n  b e  c o m p a r e d  
e i t h e r  t h e o r e t i c a l l y  ( i . e .  c o m p u t e r  s i m u l a t i o n )  o r  
e x p e r i m e n t a l l y .  A  n u m b e r  o f  a u t h o r s  h a v e  c o m p a r e d  t h e  
d i f f e r e n t  m e t h o d s  ( H E R  7 3 ,  R A M  7 1 ,  S W E  7 2 ,  W E B  8 3 ) ,  
h o w e v e r ,  t h e  c o n c l u s i o n s  w e r e  s p e c i f i c  t o  t h e  a r t i c l e  a n d  
a n  o v e r a l l  c o m p a r i s o n  w o u l d  r e q u i r e  t h e  i n t e r - c o m p a r i s o n  
o f  a l l  r e v i e w s  t o  d a t e .
T h e r e  a r e  t h r e e  c l a s s e s  o f  m e t h o d s  f o r  e v a l u a t i n g  t h e  
s u c c e s s  o f  a  r e c o n s t r u c t i o n  a l g o r i t h m :
I  A c c u r a c y  a n d  i t s  r e s p o n s e  t o  i n c o m p l e t e  d a t a :  m a n y
m a t h e m a t i c a l  f u n c t i o n s  h a v e  b e e n  p r o p o s e d  t o  m e a s u r e  t h o s e  
t w o  r e s p o n s e s  a n d  t w o  e x a m p l e s  a r e :  
a  -  A n  o v e r a l l  n e a r n e s s  c r i t e r i o n
| f  | [ 1  +  ( | f | / f j 2 n r 1 / 2  f o r  I f  I <  f m
q(f) ( 3 . 3 1 )
0 f o r  I f I  >  f1 « m
( 3 . 3 2 )
3 1
w h e r e  p . *  i s  r e a l  ( i d e a l )  i m a g e ,  P .  i s  r e c o n s t r u c t e d  i m a g e ,
P  i s  m e a n  v a l u e  o f  i d e a l  i m a g e  a n d  ( n 2 =  n  x  n )  i s  m a t r i x  
s i z e  ( G I L  7 2 b )  a n d  
b  -  A  r e s o l u t i o n  c r i t e r i o n
a  =  m a x  | P ^  -  P - 1  ( 3 . 3 3 )
1 i « n2
s e t s  a n  u p p e r  b o u n d  f o r  t h e  p o i n t  b y  p o i n t  r e l i a b i l i t y  o f  
t h e  r e c o n s t r u c t i o n .  A  h e a r t - l u n g  s i m u l a t e d  p h a n t o m  w a s  
g e n e r a t e d  b y  t h e  a u t h o r  t o  c a l c u l a t e  t h e  (< 5 )  a n d  t o  s h o w  
t h e  r e s p o n s e  o f  r e c o n s t r u c t i o n  a l g o r i t h m s ,  e m p l o y e d  i n  t h i s  
s t u d y  t o  i n c o m p l e t e  d a t a .  F i g u r e  ( 3 . 9 . 1 )  s h o w s  t h e  
r e s p o n s e  o f  <5 t o  t h e  n u m b e r  o f  p r o j e c t i o n s  f o r  t h e  u t i l i s e d  
r e c o n s t r u c t i o n  t e c h n i q u e s ,  c o n v o l u t i o n  a n d  g r a d i e n t ,  u n d e r  
t h e  c o n d i t i o n :
( 1 )  -  n u m b e r  o f  p r o j e c t i o n s  a r e  8 ,  1 6 ,  2 4 ,  3 2 ,  4 4 ,
5 6 ,  6 4
( 2 )  -  m a t r i x  s i z e  i s  ( 6 4  x  6 4 )  w i t h  I C I R  =  0  ( s e e
s e c t i o n  6 . 1 )
( 3 )  -  p a r a l l e l  b e a m  g e o m e t r y
a n d  f i g u r e  ( 3 . 9 . 2 )  p r e s e n t s  t h e  3 D  r e c o n s t r u c t e d  i m a g e s  
f r o m  i n c o m p l e t e  d a t a ,  w h e r e  ( a )  i s  t h e  s i m u l a t e d  o r i g i n a l  
i m a g e ,  ( b )  i s  t h e  r e c o n s t r u c t e d  i m a g e  b y  a n  a n a l y t i c a l  
t e c h n i q u e  ( i . e .  c o n v o l u t i o n  b a c k - p r o j e c t i o n  -  C B P )  a n d  ( c )  
i s  t h e  r e c o n s t r u c t e d  i m a g e  b y  a n  i t e r a t i v e  t e c h n i q u e  ( i . e .  
g r a d i e n t ) .  R e s u l t s  s h o w  t h e  o b v i o u s  s u p e r i o r i t y  o f  t h e  
i t e r a t i v e  t e c h n i q u e  w i t h  r e s p e c t  t o  t h e  r e s p o n s e  o f  8  
f u n c t i o n  a n d  v i s u a l  i n s p e c t i o n .  T h e  C B P  r e c o n s t r u c t i o n  
a l g o r i t h m  i s  m o r e  s e n s i t i v e  t o  t h e  n u m b e r  o f  p r o j e c t i o n  
( N . P . )  t h a n  t h e  i t e r a t i v e  g r a d i e n t  a n d  v a l u e s  o f  <5 i n c r e a s e  
g r a d u a l l y  w i t h  a  s h a r p  i n c r e a s e  a t  N . P .  < 3 2 .  O n  t h e  o t h e r  
h a n d  f o r  t h e  i t e r a t i v e  g r a d i e n t ,  8  v a r i a t i o n  r e m a i n  
a p p r o x i m a t e l y  c o n s t a n t  a t  h i g h e r  a n d  l o w e r  N . P .  a n d  t h e r e  
i s  o n l y  a  m o d e r a t e  i n c r e a s e  o f  <5 a t  3 2 >  N . P .  > 2 4 .  M a x i m u m  
v a r i a t i o n s  o f  8  f o r  t h e  C B P  a n d  t h e  i t e r a t i v e  g r a d i e n t  w e r e  
c a l c u l a t e d  t o  b e  9 2 %  a n d  6 3 %  r e s p e c t i v e l y .
I I  C o m p u t e r  t i m e  a n d  s p e e d :  T h e s e  a r e  d i f f i c u l t  t o
c o m p a r e  a c c u r a t e l y  s i n c e  t h e y  d e p e n d  o n  s e v e r a l  f a c t o r s ,
3 2
Response of 6 to the projection number for two reconstruction algorithm
Visual inspection, response of the reconstruction algorithm to the 
incomplete data (12 projection/360°).
s u c h  a s  t h e  n u m b e r  o f  i t e r a t i o n s  ( i e .  a l g e b r a i c  
t e c h n i q u e s ) ,  t h e  h a r d w a r e  c o n f i g u r a t i o n  a n d  s o f t w a r e  
d e s i g n .  T a b l e  ( 3 . 1 )  g i v e s  t h e  c e n t r a l  p r o c e s s i n g  t i m e s ,  b y  
b o t h  t h e  L a w r e n c e  B e r k e l e y  L i b r a r y  ( i . e .  p u b l i c a t i o n  n o .  
2 1 4 )  u s i n g  M N F  c o m p i l e r  a n d  C D C  7 6 0 0  c o m p u t e r ,  a n d  b y  t h e  
a u t h o r  u s i n g  F o r t r a n  c o m p i l e r  a n d  P R I M E  c o m p u t e r ,  u n d e r  t h e  
s t a t e d  c o n d i t i o n s .
I l l  I m a g e  q u a l i t y  a n d  v i s u a l  i n s p e c t i o n :  Q u a l i t y  o f
a n  i m a g e  w i t h  r e s p e c t  t o  t h e  m e t h o d  o f  r e c o n s t r u c t i o n  c a n  
b e  e v a l u a t e d  m a t h e m a t i c a l l y  ( i . e .  f i d e l i t y  f a c t o r ,  
m o d u l a t i o n  t r a n s f e r  f u n c t i o n  -  M T F  a n d  o t h e r  -  f o r  
f u r t h e r  d e t a i l  r e f e r  t o  c h a p t e r  6 ) .  V i s u a l  i n s p e c t i o n  v e r y  
m u c h  d e p e n d s  o n  t h e  d i s p l a y  d e v i c e  u s e d .
Recons. Algorithms C.B.P C.gradient Gradient
B.P. Subroutines (10 iteration) (10 iteration)
BIN 0.52 - -
CDC700 BRF 0.62 4.28 4.32
BRFA - 5.37 5.35
BIN 68 - -
PRIME BRF 74 453 465
BRFA * 498 502
T a b l e  3 . 1  C . P . U  t i m e s  i n  s e c o n d s  f o r  v a r i o u s  c o m b i n a t i o n  
o f  r e c o n s t r u c t i o n  a l g o r i t h m s
*  N o  o f  p r o j e c t i o n  i s  3 6 / 3 6 0 ° ,
*  m a t r i x  s i z e  i s  3 2  x  3 2 .
3 . 4 . 1 2  D I S C U S S I O N
C o m p a r i s o n  b e t w e e n  a n a l y t i c  a n d  a l g e b r a i c  
r e c o n s t r u c t i o n  a l g o r i t h m s  i n d i c a t e s  t h a t  b o t h  a p p r o a c h e s  
h a v e  a d v a n t a g e s  a n d  d i s a d v a n t a g e s  i n  d i f f e r e n t  
a p p l i c a t i o n s .  I t e r a t i v e  t e c h n i q u e s  h a v e  b e e n  a p p l i e d  i n  
E C T  a n d  h a v e  b e e n  f o u n d  c o n v e n i e n t  d u e  t o  t h e  J e a s e  o f  
i m p l e m e n t i n g  t h e  c o r r e c t i o n  f a c t o r s  f o r  a t t e n u a t i o n  ( B U D
7 4 ) .  T h e y  a l s o  h a n d l e  i n c o m p l e t e  a n d  n o i s y  p r o j e c t i o n s  i n  
a  s a t i s f a c t o r y  m a n n e r .  I t  w a s  c o n c l u d e d  ( B U D  7 4 )  t h a t  t h e  
I L S T  w a s  t h e  m o s t  p r e f e r a b l e  f o r  g a m m a - c a m e r a  e m i s s i o n
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t o m o g r a p h y ,  s i n c e  i t  b e s t  h a n d l e d  t h e  h i g h  n o i s e  l e v e l ,  
a l w a y s  p r e s e n t  i n  s c i  n t i g r a p h i c  s t u d i e s .  A R T  i s  a  v e r y  
e f f i c i e n t  m e t h o d ,  e s p e c i a l l y  w h e n  d e a l i n g  w i t h  l i m i t e d  
a m o u n t s  o f  d a t a  ( S A N  7 9 )  a n d  i t  w o u l d  b e  o f  p a r t i c u l a r  
a d v a n t a g e  w h e n  c o n s i d e r i n g  t h e  r e g i o n  o f  i n t e r e s t  o r  
l i m i t e d  f i e l d  o f  v i e w  t o m o g r a p h y .  O n  t h e  o t h e r  h a n d  A R T  i s  
a l s o  t h e  m o s t  s u s c e p t i b l e  t o  n o i s e  ( H E R  7 3 ,  B U D  7 4 ) ,  w h i c h  
g e n e r a l l y  c a u s e s  i n c o n s i s t e n c i e s  i n  p r o j e c t i o n  d a t a .
C o n s i d e r i n g  t h e  w o r k e r s '  v i e w s  a n d  a l s o  t h e  r e s u l t s  
o b t a i n e d  f r o m  c o m p u t e r  s i m u l a t i o n  s t u d i e s ,  i t  c a n  b e  s a i d  
t h a t  a n a l y t i c a l  t e c h n i q u e s  a r e  m o r e  p r e f e r a b l e  f o r  c o m p l e t e  
d a t a  r e c o n s t r u c t i o n  a n d  i n  c l i n i c a l  a p p l i c a t i o n  w h e n  
r e c o n s t r u c t i o n  s h o u l d  n o t  b e  s e r i o u s l y  p r o l o n g e d .  B u t ,  t h e  
a n a l y t i c a l  t e c h n i q u e s  s u f f e r  f r o m  t h e  n o n - u n i f o r m  
a t t e n u a t i o n  c o r r e c t i o n  p o i n t  o f  v i e w  ( i . e .  s e e  f o l l o w i n g  
s e c t i o n )  a n d  i n  c l i n i c a l  a p p l i c a t i o n s  i f  m o r e  a c c u r a t e  
q u a n t i t a t i v e  a n d  b e t t e r  q u a l i t a t i v e  r e s u l t s  a r e  d e s i r a b l e ,  
t h e  a n a l y t i c  r e c o n s t r u c t i o n  t e c h n i q u e s  d o  n o t  f u l f i l  t h o s e  
a i m s .  T h e r e f o r e ,  i t  i s  m o r e  a c c e p t a b l e  t o  u s e  a l g e b r a i c  
t e c h n i q u e s ,  w h i c h  c a n  a c c u r a t e l y  c o m p e n s a t e  f o r  t h e  n o n -  
u n i f o r m  a t t e n u a t i n g  m e d i u m  a n d  a l s o  m o r e  p r e f e r a b l e  w h e n  
d a t a  a r e  i n c o m p l e t e  a n d  n o i s y .
3 . 5 S  M E T H O D S  O F  C O R R E C T I N G  F O R  P H O T O N  A T T E N U A T I O N
I n  S P E C T  t h e r e  i s  n o t  ' a  p r i o r i '  k n o w l e d g e  o f  t h e  
s o u r c e  d i s t r i b u t i o n  a n d  p o s i t i o n ,  i n  f a c t  i t  i s  t h e s e  t w o  
u n k n o w n s  t h a t  a r e  b e i n g  s o u g h t  i n  S P E C T  p r o b l e m s .  T h e  
e f f e c t  o f  p h o t o n  a t t e n u a t i o n  i s  a  l o s s  o f  t h e  i n f o r m a t i o n  
c o n t e n t  a n d  t h i s  i s  d u e  t o  t h e  f a c t  t h a t  t h e  i n t e n s i t y  o f  
p h o t o n s  d e t e c t e d  i s  n o t  t h e  t r u e  i n t e n s i t y  e m i t t e d  b y  t h e  
s o u r c e .  T h e  a t t e n u a t i o n  o f  p h o t o n s  i n  S P E C T  m a y  b e  d u e  t o  
t h e  m e d i u m  s u r r o u n d i n g  t h e  s o u r c e  o r  d u e  t o  t h e  s o u r c e  
i t s e l f  a n d  w i l l  a f f e c t  t h e  r e c o n s t r u c t e d  i m a g e  b y  
d i s t o r t i n g  i t .
, T h e  d e g r e e  o f  a t t e n u a t i o n  d e p e n d s  o n  t h e  e n e r g | y  o f  t h e  
e m i t t e d  p h o t o n s ,  t h e  c o n s t i t u e n t s  o f  t h e  s u r r o u n d i n g  
m e d i u m  a n d  i t s  d e n s i t y  a n d  t h i c k n e s s .  A n  a c c u r a t e  
c o r r e c t i o n  f o r  p h o t o n  a t t e n u a t i o n  i n  t i s s u e  i s  o f  p a r a m o u n t
3 5
i m p o r t a n c e  i n  a c h i e v i n g  q u a n t i t a t i v e  i m a g e s .  I g n o r i n g  
p h o t o n  a t t e n u a t i o n  i n  o b j e c t s  o f  t y p i c a l  d i a m e t e r  2 5  c m  
l e a d s  t o  a n  a r t i f a c t  d e p r e s s i o n  i n  t h e  c e n t r a l  r e g i o n  b y  a  
f a c t o r  o f  a p p r o x i m a t e l y  2  i n  r e c o n s t r u c t i o n  f r o m  
p r o j e c t i o n s  o b t a i n e d  a t  1 4 0  K e V  ( W E B  8 3 )  .  F o r  n o n -  
u n i f o r m l y  a t t e n u a t i n g  i r r e g u l a r l y  s h a p e d  o b j e c t s ,  t h e  e r r o r  
i n  c a l c u l a t i n g  t h e  u p t a k e  o f  a c t i v i t y  t h r o u g h o u t  t h e  
r e c o n s t r u c t e d  s l i c e  w i l l  b e  a n  u n k n o w n  v a r i a b l e  w h i c h  
c a n n o t  b e  p r o p e r l y  c o m p e n s a t e d  f o r  b y  a  c o r r e c t i o n  m a t r i x .  
T h e  p r o b l e m  c a n  b e  o v e r c o m e  i n  p r i n c i p l e  i f  a n  a c c u r a t e  m a p  
o f  t h e  a t t e n u a t i o n  m e d i u m  i s  o b t a i n e d .  I n  e m i s s i o n  s t u d i e s  
t h e  c o n t r i b u t i o n  o f  e a c h  e l e m e n t  t o  t h e  p r o j e c t i o n  r a y  i s  
a t t e n u a t e d  a l o n g  t h e  p a t h - l e n g t h  b e t w e e n  e a c h  p o i n t  a n d  t h e  
e d g e  o f  t h e  o b j e c t .  T h u s  t h e  i n t e n s i t y  o f  p h o t o n s  m e a s u r e d  
a l o n g  o n e  p r o j e c t i o n  v i e w  w i l l  b e  s i g n i f i c a n t l y  d i f f e r e n t  
f r o m  t h e  i n t e n s i t y  m e a s u r e d  i n  t h e  c o n j u g a t e  v i e w  ( 1 8 0 °  
a p a r t ) ,  p a r t i c u l a r l y  i f  t h e  a c t i v i t y  d i s t r i b u t i o n  i s  n o t  
u n i f o r m .
A t t e n u a t i o n  c o r r e c t i o n  m e t h o d s  i n  S P E C T  c a n  b e  g r o u p e d  
i n t o  t h o s e  t h a t  m o d i f y  t h e  p r o j e c t i o n  b e f o r e  i m a g e  
r e c o n s t r u c t i o n  ( p r e - c o r r e c t i o n  t e c h n i q u e s ) ,  t h o s e  t h a t  
a p p l y  c o r r e c t i o n  t o  r e c o n s t r u c t e d  i m a g e s  ( p o s t - c o r r e c t i o n  
t e c h n i q u e s )  a n d  f i n a l l y  t h o s e  g r o u p s  t h a t  m o d i f y  t h e  d a t a  
d u r i n g  r e c o n s t r u c t i o n  ( i n t r i n s i c - c o r r e c t i o n  t e c h n i q u e s ) .  
T h e  f i r s t  g r o u p ,  r e d u c e  t h e  ' h o t  r i m *  a r t i f a c t s  a n d  a r e  
s u i t a b l e  f o r  u n i f o r m l y  d i s t r i b u t e d  s o u r c e s ,  b u t  a r e  n o t  
q u a n t i t a t i v e  f o r  s o u r c e s  d i s t r i b u t e d  i n  a  l a r g e  a t t e n u a t o r ,  
e s p e c i a l l y  i f  t h e  m e d i u m  i s  n o n - u n i f o r m  ( G u l  8 5 )  .  S i n c e  
t h e  p r e - c o r r e c t i o n  t e c h n i q u e s  a p p l y  t h e  a t t e n u a t i o n  
c o r r e c t i o n  t o  t h e  m e a s u r e d  p r o j e c t i o n  d a t a  i t  i s  n o t  
p o s s i b l e  t o  m a k e  u s e  o f  v a r i a b l e  a t t e n u a t i o n  c o e f f i c i e n t s ,  
b u t  r a t h e r  a n  a v e r a g e  a t t e n u a t i o n  c o e f f i c i e n t  h a s  t o  b e  
u s e d  i n s t e a d .  T h i s  m e t h o d ,  m o r e  s p e c i f i c a l l y ,  t h e  
a r i t h m e t i c  m e a n ,  w a s  p a r t l y  u s e d  i n  t h i s  s t u d y ,  s i n c e  t h e  
e m p l o y e d  S T A R  r e c o n s t r u c t i o n  s o f t w a r e  ( s e e  c h a p t e r  4 )
( a p p l i e s  t h e  r e - p r o c e s s i n g  c o r r e c t i o n  t o  t h e  d a t h  b e f o r e  
f i l t e r i n g  a n d  b a c k - p r o j e c t i o n .
T h e  s e c o n d  g r o u p  c o r r e c t s  e a c h  i n i t i a l  r e c o n s t r u c t e d  
p i x e l  v a l u e  b y  a  f a c t o r  t h a t  i s  t h e  m e a n  a t t e n u a t i o n  t h a t
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a  s o u r c e  e x p e r i e n c e s ,  u s i n g  t h e  s u m  o f  a t t e n u a t i o n  a l o n g  
a l l  r a y s  t h r o u g h  t h e  p i x e l  n o r m a l i s e d  b y  t h e  n u m b e r  o f  
r a y s .
T h e  t h i r d  a n d  f i n a l  g r o u p  a p p l i e s  c o r r e c t i o n  a s  t h e  
r e c o n s t r u c t i o n  t a k e s  p l a c e  a n d  c a n  b e  d i v i d e d  i n t o  t w o  
g r o u p s ;  t h o s e  b a s e d  u p o n  a  w e i g h t e d  b a c k - p r o j e c t i o n  a n d  
t h o s e  u s i n g  a n  i t e r a t i v e  r e c o n s t r u c t i o n  m e t h o d .  I n t r i n s i c  
c o r r e c t i o n  b a s e d  o n  t h e  i t e r a t i v e  t e c h n i q u e s  w a s  f u l l y  
e m p l o y e d  i n  t h i s  w o r k  a n d  t h e  w a y  o f  c o r r e c t i o n  i s  
e x p l a i n e d  i n  t h e  f o l l o w i n g  s e c t i o n .  W i t h  a n  a c c u r a t e  m a p  
o f  a t t e n u a t i o n  c o e f f i c i e n t  i t  i s  p o s s i b l e  t o  m a k e  a  p r o p e r  
m o d e l  o f  t h e  a t t e n u a t i o n  p r o c e s s  w i t h  i t e r a t i v e  m e t h o d s  a n d  
t h i s  g i v e s  g r e a t  p o t e n t i a l  f o r  q u a n t i t a t i v e  r e c o n s t r u c t i o n  
f o r  e m i s s i o n  t o m o g r a p h y .  T h i s  c o n c l u s i o n  h a s  b e e n  
s u b s t a n t i a t e d  b y  a  n u m b e r  o f  c o m p a r a t i v e  s t u d i e s  ( W E B  8 3  
a n d  P E R  8 4 ) .
A t t e n u a t i o n  c o m p e n s a t i o n  t e c h n i q u e s  h a v e  b e e n  f u l l y  
d e s c r i b e d  b y  m a n y  a u t h o r s  ( B U D  7 4 ,  C H A  7 8 ,  T A N  8 3  a n d  A X E  
8 7 ) ,  t h e r e f o r e  i n  t h e  f o l l o w i n g  s e c t i o n s  o n l y  t h o s e  
t e c h n i q u e s  w h i c h  w e r e  u s e d  i n  t h i s  w o r k  a r e  d e s c r i b e d .
3 . 5 . 1 :  SIMPLE APPROXIMATIONS -  THE CONJUGATE MEAN
T h e r e  a r e  t w o  a p p r o a c h e s :  a r i t h m e t i c  m e a n  a n d
g e o m e t r i c  m e a n .  T h e  u t i l i s e d  m e t h o d  w a s  b a s e d  o n  t h e  
c o n j u g a t e  a r i t h m e t i c  m e a n ,  w h i c h  w a s  d e v e l o p e d  b y  K a y  ( K A Y
7 5 )  a n d  i s  r e f e r r e d  t o  a s  t h e  a v e r a g e  o f  t h e  m i n i m u m  a n d  
m a x i m u m  e x p o n e n t i a l  f a c t o r .  T h e  a t t e n u a t i o n  i s  a s s u m e d  t o  
b e  c o n s t a n t  t h r o u g h o u t  b u t  n o  a s s u m p t i o n s  a r e  m a d e  a b o u t  
t h e  a c t i v i t y  d i s t r i b u t i o n  f ( x , y ) .  T h e  a r i t h m e t i c  m e a n  o f  
t w o  c o n j u g a t e  p r o j e c t i o n  r a y s  i s  t h e n  g i v e n  b y
P ( £ , 0 ) + P ( - £ ,  9  +  7 r ) f f ( x , y )
. I
[ e x p ( - / L i £ )  +  e x p ( - / L t ( L - £ )  )  ]  . d £  
— --------------------------------------------------------------  ( 3 . 2 4 )
I t  i s  a s s u m e d  t h a t  t h e  e x p o n e n t i a l  f a c t o r  c a n  b e  r e p l a c e d  
b y  a  c o n s t a n t  v a l u e  e q u a l  t o  t h e  m e a n  o f  i t s  m i n i m u m  a n d  
m a x i m u m  v a l u e s .  T h e s e  a r e  g i v e n  b y
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M i n  =  2 e x p ( ~ M L / 2 )
M a x  =  1  +  e x p ( - / x L )
T h e r e f o r e  e q u a t i o n  3 . 3 4  c a n  b e  r e w r i t t e n  a s
( 3 . 3 5 )
( 3 . 3 6 )
JU
P ( £ ,0 )  +P  ( -£ , 0+7T) = [  1+exp (-jitL) + 2 exp ( -jiiL/2) ] f  ( x , y ) d £
o  ( 3 . 3 7 )
f r o m  t h i s  i t  i s  p o s s i b l e  t o  o b t a i n  t h e  a p p r o x i m a t i o n s  o f  
t h e  u n a t t e n u a t e d  r a y - p r o j e c t i o n  ( f i g  3 . 1 0 ) .
P ° ( £ , 0 )  =
2 [ P ( £ , 0 )  +  P ( - £  , 0+7T) ]
1 + exp  (-M b) + 2 e x p (“ ML/2)
( 3 . 3 8 )
F i g .  3 . 1 0 The anttenuated projection data and its conjugate projection.
A n  a l t e r n a t i v e  t o  t h i s  i s  t o  u s e  t h e  a v e r a g e  o f  t h e  
e x p o n e n t i a l  f a c t o r  r a t h e r  t h a n  o f  m a x i m u m  a n d  m i n i m u m .  T h e  
a v e r a g e  o f  e x p ( - M f )  a n d  e x p ( ™ m ( L - £ ) i s  =  4 / m L  e x p  
( - M L / 2 ) S i n h ( m L / 2 ) ,  t h i s  l e a d s  t o  a n  a p p r o x i m a t e
u n a t t e n u a t e d  r a y - p r o j e c t i o n  o f
[ P ( £ , 0 )  +  P ( - £ ,  0+7T) ] mL
P ° ( £ , 0 ) ( 3 . 3 9 )
4 e x p ( - M L / 2 )  S i n h  ( m L / 2 )
T h i s  c o r r e c t i o n  t e c h n i q u e  h a s  b e e n  e m p l o y e d  b y  t h e  S T A R
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s o f t w a r e ,  w h e r e  t h e  r e c o n s t r u c t i o n  a l g o r i t h m  i s  b a s e d  o n  
F B P .
3 . 5 . 2 2  MORE ACCURATE METHOD -  THE ILST
I n  g e n e r a l  t h e  m o r e  a c c u r a t e  c o r r e c t i o n  m e t h o d s  
i n v o l v e  a n  i t e r a t i v e  r e c o n s t r u c t i o n  m e t h o d .  T h e  f o l l o w i n g ,  
d e s c r i b e  t h e  w a y  i n  w h i c h  a t t e n u a t i o n  c o r r e c t i o n  c a n  b e  
i n c o r p o r a t e d  i n t o  t h e  r e c o n s t r u c t i o n  t e c h n i q u e .
I f  t h e  p r o j e c t i o n  d a t a  P ( £ , e )  r e p r e s e n t  l i n e  i n t e g r a l s  
o f  a c t i v i t y  f r o m  a  t r a n s v e r s e  s e c t i o n  t h r o u g h  a  r a d i o a c t i v e  
o b j e c t  a n d  L ( £ , 9 )  t o  b e  t h e  p a r t i c u l a r  r a y  w i t h i n  t h e  
p r o j e c t i o n  p r o f i l e  a t  a n g l e  0  a n d  a c t i v i t y  c o n c e n t r a t i o n  a t  
p o s i t i o n  ( i , j )  o f  t r a n s v e r s e  s e c t i o n  t o  b e  r e p r e s e n t e d  b y  
A ( i , j ) ,  t h e  e s t i m a t e d  p r o j e c t i o n  v a l u e  a t  t h e  n th  i t e r a t i o n  
c a n  b e  g i v e n  b y ;
R n ( f , 0 )  =  2 i j ( e e )  f 9 u  A n ( i , j )  ( 3 . 4 0 )
w h e r e  f 9 j ,  i s  a  c o r r e c t i o n  f a c t o r  f o r  g e o m e t r y  a n d  
a t t e n u a t i o n .  T h e  n o t a t i o n  d e n o t e s  t h a t  o n l y  t h o s e  p i c t u r e  
e l e m e n t s  ( p i x e l s )  c o n t r i b u t i n g  t o  t h e  p r o j e c t i o n  P ( £ , 0 )  a r e  
c o n s i d e r e d .  T o  d e t e r m i n e  A ( i , j )  t h e  d i f f e r e n c e  b e t w e e n  
P ( £ , 0 )  a t  e a c h  i t e r a t i o n  i s  m i n i m i s e d  i n  a  l e a s t  s q u a r e s  
s e n s e .  T h i s  r e q u i r e s  t h a t ;
[ P ( « , 0 )  -  R n ( € , 0 ) ] 2
S e  --------------------------------------------------------------------------  ( 3 . 4 1 )
a 2 < f , 0 )
i s  a  m i n i m u m ,  w h e r e  c t ( £ , 0 )  i s  t h e  s t a n d a r d  d e v i a t i o n  o f  
P ( £ , 0 ) .  T o  p r e v e n t  o s c i l l a t i o n s  a b o u t  t h e  c o r r e c t  
s o l u t i o n ,  a  d a m p i n g  f a c t o r  i s  a p p l i e d  t o  t h e  i t e r a t i v e  
p r o c e s s .  T h e  c o r r e c t i o n  f a c t o r  c a n  b e  r e p r e s e n t e d  b y
f ® i j  =  f g  e x p  [  S  k e a / ! ]  ( 3 . 4 2 )
w h e r e  f g i s  a  g e o m e t r i c a l  f a c t o r s ,  k e a/3 i s  t h e  l i n e  l e n g t h  o f  
r a y  ( f , 0 )  t h r o u g h  t h e  p i x e l  ( a ,  (3) a n d  /iap i s  t h e  l i n e a r
a t t e n u a t i o n  c o e f f i c i e n t  of  e a c h  p ixe l*  T h e m o s t  a c c u r a t e  _ _  ___  ___ _ _ _   ______ ^
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m e t h o d  t o  d e t e r m i n e  t h e  d i s t r i b u t i o n  o f  a t t e n u a t i o n  
c o e f f i c i e n t s  i n  t r a n s m i s s i o n  t o m o g r a p h y  u s i n g  a n  e x t e r n a l  
s o u r c e  o f  t h e  s a m e  ( o r  c l o s e )  g a m m a - r a y  e n e r g y  a s  u s e d  i n  
a n  e m i s s i o n  t o m o g r a p h i c  s t u d y .  T h i s  p r o c e d u r e  w a s  a d o p t e d  
i n  t h i s  s t u d y  a n d  a  m e t h o d  w a s  a l s o  d e v e l o p e d  t o  a c h i e v e  
t r a n s m i s s i o n  a n d  e m i s s i o n  t o m o g r a p h y  i m a g i n g  s i m u l t a n e o u s l y  
( i . e .  s e e  c h a p t e r  7 ) .  T r a n s m i s s i o n  t o m o g r a p h y  n o t  o n l y  
e s t i m a t e s  t h e  d i s t r i b u t i o n  o f  a t t e n u a t i o n  c o e f f i c i e n t s ,  i t  
a l s o  d e f i n e s  t h e  b o d y  o u t l i n e .  A l t e r n a t i v e l y ,  i f  t h e  
a t t e n u a t i o n  c o e f f i c i e n t ,  p ,  c a n  b e  a s s u m e d  t o  b e  c o n s t a n t ,  
t h e n  t h e  a d d i t i o n a l  t r a n s m i s s i o n  s t u d y  i s  n o  l o n g e r  
r e q u i r e d  a n d  e q u a t i o n  3 . 4 2  r e d u c e s  t o :
f e f j  =  f g e x p  [ - / M 0 U ]  ( 3 . 4 3 )
w h e r e  d 0 f j . i s  t h e  d i s t a n c e  b e t w e e n  t h e  p i x e l  ( i , j )  a n d  t h e  
b o u n d a r y  o f  t h e  o b j e c t  a l o n g  t h e  r a y  ( - £ , 0 ) .  H o w e v e r ,  t h e  
o u t l i n e  o f  t h e  o b j e c t  i s  r e q u i r e d  i n  o r d e r  t o  d e t e r m i n e  t h e  
v a l u e s  o f  d 0 f j .  O n e  s u g g e s t i o n  b y  B u d i n g e r  a n d  G u l b e r g  ( B U D  
7 4 )  i s  t h a t  t h e  e d g e s  o f  a  c o n v e r s e  o b j e c t  c a n  b e  f o u n d  b y  
f i r s t l y  u s i n g  f i v e  i t e r a t i o n s  o f  I L S T  f o r  w h i c h  f 0 ^ .  =  1  
( i . e .  n o  a t t e n u a t i o n  o r  g e o m e t r y  c o r r e c t i o n s )  a n d  t h e n  
u s i n g  a  s e a r c h  r o u t i n e  t o  d e t e r m i n e  t h e  b o u n d a r y  o f  t h e  
o b j  e c t .
3 . 5 . 3 :  DISCUSSION
T h e  t w o  c o r r e c t i o n  t e c h n i q u e s  ( i . e .  3 . 5 . 1  a n d  3 . 5 . 2 )  
w e r e  c o m p a r e d  w i t h  r e c o n s t r u c t e d  i m a g e s  o b t a i n e d  f r o m  
e x p e r i m e n t a l  d a t a  w h i c h  w e r e  a c q u i r e d  f r o m  t h e  p h a n t o m  
s t u d i e s ,  a n d  t h e o r e t i c a l  d a t a  ( i . e .  t h e  c o m p u t e r  g e n e r a t e d  
h e a r t - l u n g  p h a n t o m ) .  T h e  m e t h o d  o f  c o m p a r i s o n  w a s  b a s e d  o n  
c a l c u l a t i n g  t h e  ' d i s c r e p a n c y *  f a c t o r  s u g g e s t e d  b y  B u d i n g e r  
( B U D  8 4 )
2 ( j  [ P * ( i , j ) - P n ( i , j ) ] 2 1  1 / 2
d i s c r e p a n c y  ( d )
2 , - j  [ P *  ( i /  j )  ~ P °  ( i  i  j )  ]
( 3 . 4 4 )
w h e r e  P * ( i , j )  i s  t h e  p i x e l  v a l u e  i n  t h e  i d e a l  i m a g e ,  P ° ( i , j )
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w h e r e  P * ( i , j )  i s  t h e  p i x e l  v a l u e  i n  t h e  i d e a l  i m a g e ,  P ° ( i , j )  
i s  t h e  p i x e l  v a l u e  b e f o r e  a t t e n u a t i o n  c o r r e c t i o n  a n d  P n ( i , j  
i s  t h e  p i x e l  v a l u e  a f t e r  a t t e n u a t i o n  c o r r e c t i o n .  A  
d e c r e a s i n g  v a l u e  o f  d i s c r e p a n c y  i n d i c a t e s  t h e  i m a g e ' s  
i m p r o v e m e n t  ( f i g .  3 . 1 1 ) .  T h e  d  f a c t o r  w a s  c a l c u l a t e d  f o r  
d i f f e r e n t  v a l u e s  o f  a t t e n u a t i o n  c o e f f i c i e n t  w i t h  r e s p e c t  t o  
t h e  m e t h o d  o f  r e c o n s t r u c t i o n .  T h e  c a l c u l a t e d  d i s c r e p a n c y  
v a l u e  ( T a b l e  3 . 2 )  j u s t i f i e d  t h e  s t a t e m e n t  ' t h e  i t e r a t i v e  
t e c h n i q u e s  a c c o m p a n i e d  b y  p e f f  o b t a i n e d  f r o m  a  t r a n s m i s s i o n  
s t u d y  p r o d u c e  m o r e  e f f e c t i v e  c o r r e c t i o n  m e t h o d s ' .  R e s u l t s  
f r o m  t h e  s i m u l a t e d  s t u d y  a r e  m o r e  p r o m i s i n g  a n d  t h i s  c a n  b e  
e x p l a i n e d  b y  t h e  f a c t  t h a t  t h e  d a t a  a r e  n o i s e  f r e e  a n d  a l s o  
t h a t  s c a t t e r i n g  w a s  n e g l e c t e d .
Method
Discrepancy (d)
Exp. data Theo. data
/ieff
1-F.B.P 0.88 - 0.15
0.72 - 0.12
2-Iterative 0.58 0.18 0.15
(Grd.) 0.26 0.16 from transmission 
study
T a b l e  3 . 2  C o m p a r i s o n  o f  d i s c r e p a n c y  v a l u e s
T w o  M e f f  v a l u e s  h a v e  b e e n  c h o s e n  t o  c o r r e c t  f o r  
a t t e n u a t i o n  i n  m e t h o d  1 ,  t h e  l o w e r  v a l u e  ( 0 . 1 2  c m ' 1 ) w a s  
c h o s e n  t o  c o m p e n s a t e  f o r  s c a t t e r i n g .  I m a g e s  r e c o n s t r u c t e d  
w i t h  m e t h o d  2  c o r r e c t e d  f o r  a t t e n u a t i o n ,  b a s e d  o n  u n i f o r m  
a t t e n u a t i o n  c o r r e c t i o n  ( i . e .  p e f i  -  0 . 1 5  c m ' 1 )  a n d
a t t e n u a t i o n  m a p  o b t a i n e d  f r o m  t r a n s m i s s i o n  s t u d y .  H o w e v e r ,  
m e t h o d  2  h a s  t h e  d i s a d v a n t a g e  o f  b e i n g  a  s l o w e r  m e t h o d  t h a n  
1  a n d  g e n e r a l l y  r e q u i r e s ,  e i t h e r  t h e  s t o r a g e  o r  c a l c u l a t i o n  
o f  m a n y  w e i g h t i n g  f a c t o r s .  A s  t h e  p r o c e s s i n g  s p e e d  o f  
c o m p u t e r s  i s  i n c r e a s e d  t h e  p r o b l e m  i s  l e s s  i m p o r t a n t .
4 1
F i g .
i
Visual comparison of 3D images (Exp. data)
a,b - FBP, /xeff = 0.12 and 0.15 cm"1
c,d - Iter, (grady), = 0.15 cm and j*eff variable.
4 2
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F i g .
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3 . XloS Comparison of 3D images (simulated heart-lung phantoms) 
a - Iter, (grady), = 0.15 cm
b - Iter, (grady), = variable (from transmission data)
CH APTER  4
I N S T R U M E N T A T I O N  A N D  S Y S T E M  C H A R A C T E R I S A T I O N  
4 . 1 8  T H E  P R O T O T Y P E  S C A N N I N G  R I G
4 .1 .1 2  THE SCANNER MECHANISM AND ASSOCIATED ELECTRONICS 
AND IMAGE DISPLAY
A  m u l t i p u r p o s e  s c a n n i n g  r i g  d e s i g n e d  a n d  b u i l t  b y  J .  
M .  S a n d e r s  a n d  F .  B a l o g u n  ( S A N  8 2 ,  B A L  8 6 )  w a s  u s e d  f o r  
p a r t  o f  t h e  w o r k .  T h e  o v e r a l l  s c a n n i n g  s y s t e m  c o m p r i s e s  
t h e  s c a n n i n g  m e c h a n i s m ,  c o l l i m a t i o n  a n d  s h i e l d i n g ,  
d e t e c t o r ,  a c q u i s i t i o n  a n d  d r i v e  e l e c t r o n i c s  a n d  t h e  
c o n t r o l l i n g  m i c r o c o m p u t e r .  T h e  s i m p l e s t  m e t h o d  o f  
p e r f o r m i n g  t o m o g r a p h y  i s  t o  u s e  a  s i n g l e  c o l l i m a t e d  r a y s u m  
a n d  a  r o t a t e  t r a n s l a t e  s y s t e m .  T h e  r a y s u m  i s  t r a n s l a t e d  
a c r o s s  t h e  t e s t  o b j e c t  t o  f o r m  a  p r o j e c t i o n  a n d  t h e n  t h e  
r a y s u m  r o t a t e s  a n d  a  s e c o n d  p r o j e c t i o n  i s  c o l l e c t e d .  I n  
s u c h  a  s y s t e m  i t  i s  t h e  r e l a t i v e  m o v e m e n t  w h i c h  i s  
i m p o r t a n t  a n d  i t  i s  o f t e n  e a s i e r  t o  f i x  t h e  d e t e c t o r  a n d  
c o l l i m a t o r  p o s i t i o n s  a n d  t o  m o v e  t h e  t e s t  o b j e c t .  T h i s  
c o n f i g u r a t i o n  i s  u s e d  b y  t h e  s c a n n e r  r i g .
T h e  d e t e c t o r - s o u r c e  a x i s  i s  t h e  x - a x i s  a n d  t h e  
t r a n s l a t i o n  o f  t h e  o b j e c t  t a k e s  p l a c e  i n  t h e  y - a x i s .  T h e  
o b j e c t  t a b l e  c o u l d  a l s o  m o v e  v e r t i c a l l y  i n  t h e  z - d i r e c t i o n  
a n d  r o t a t e s  i n  t h e  x - y  p l a n e .  T h e  n e c e s s a r y  m o t i o n s  a r e  
p r o v i d e d  b y  t h r e e  s t e p p i n g  m o t o r s  ( S i g m a ,  2 0 - 2 2 2 0 D 2 0 0 -  
F 1 . 5 B ) ,  w h i c h  c a n  e x e c u t e  a  l i n e a r  m o t i o n  o f  0 . 0 5  m m  p e r  
s t e p  a n d  p r o v i d e  a n  a n g u l a r  r e s o l u t i o n  o f  0 . 0 2 °  p e r  s t e p .
T h e  c h a i n  o f  e l e c t r o n i c  c o u n t i n g  a n d  c o n t r o l  s y s t e m  
i s  i l l u s t r a t e d  b y  t h e  b l o c k  d i a g r a m  o f  f i g u r e  ( 4 . 1 ) .  I n  
t h i s  w o r k  a  N a l ( T l )  d e t e c t o r  o f  5 0  m m  d i a m e t e r  a n d  5 0  m m  
l e n g t h ,  o f  e n e r g y  r e s o l u t i o n  o f  ( 1 2 . 2 1 0 . 1 ) %  a t  1 4 0 . 5  K e V  
a n d  ( 1 8 .  3 ± 0 . 1 )  % a t  1 0 3  K e V  w a s  u s e d  t o  e x a m i n e  t h e  
f e a s i b i l i t y  o f  t h e  d e v e l o p e d  t e c h n i q u e  f o r  s i m u l t a n e o u s  
e m i s s i o n  a n d  t r a n s m i s s i o n  s t u d i e s  ( s e e  c h a p t e r  17) .  T h e  
c u r r e n t  p u l s e s  o r i g i n a t i n g  f r o m  t h e  d e t e c t o r ,  u s i n g  a  h i g h  
v o l t a g e  p o w e r  s u p p l y ,  a r e  p a s s e d  t h r o u g h  a  l i n e a r  a m p l i f i e r  
( C A  2 0 3 0 ) .  T h e  p u l s e s  a r e  t h e n  f e d  t o  t w o  s i n g l e  c h a n n e l
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a n a l y z e r s  ( S C A ,  C A  2 0 3 0 )  w h i c h  p r o d u c e  a  l o g i c  o u t p u t  
p u l s e  o n l y  i f  i n p u t  p u l s e s  a r e  w i t h i n  a  s e t  w i n d o w .  T h e  
o u t p u t  s i g n a l s  a r e  s e n t  t o  t h e  c o u n t e r  ( C A  2 0 7 2 ) ,  w h i c h  h a s  
t w o  i n p u t  s i g n a l s ,  s o  i t  c a n  b e  u s e d  f o r  d o u b l e  e n e r g y  
s c a n n i n g  s i m u l t a n e o u s l y .  T h e  t i m e  o f  m e a s u r e m e n t  p e r  s t e p  
w a s  p r e s e t  w i t h  a  t i m e r  ( C A  2 0 7 0 ) .  I t s  t o t a l  m e a s u r e m e n t  
t i m e  d e p e n d s  o n  t h e  n u m b e r  o f  s t e p s  a n d  p r o j e c t i o n  a n g l e s .
T h e  g e n e r a l  c o n t r o l  o f  t h e  w h o l e  s y s t e m  i s  c e n t r e d  o n  
a  3 2 k  B B C - m i c r o  c o m p u t e r .  I t  c o n t r o l s  t h e  c o u n t e r - t i m e r  
( C A  2 0 7 0 )  s y s t e m  t h r o u g h  a n  I E E E - 4 8  s t a n d a r d  i n t e r f a c e  v i a  
w h i c h  d a t a  c o l l e c t i o n  f r o m  t h e  c o u n t e r  i s  a c h i e v e d .  T h e  
I E E E - 4 8  s t a n d a r d  i n t e r f a c e  i s  c o n n e c t e d  v i a  t h e  I M H Z  b u s  t o  
t h e  c o m p u t e r .  T h e  s c a n n i n g  c o n t r o l  p r o g r a m  h a s  b e e n  
w r i t t e n  i n  B A S I C .  O n c e  s c a n n i n g  i s  c o m p l e t e  ( a f t e r  t h e  
p a r a m e t e r s ;  n u m b e r  o f  s t e p s  a n d  p r o j e c t i o n  n u m b e r ,  s t e p  
l e n g t h  a n d  t i m e  o f  m e a s u r e m e n t  w e r e  s e t u p ) ,  t h e  c o l l e c t e d  
d a t a  a r e  s t o r e d  o n  t o  f l o p p y  d i s c s .  I t  i s  a l s o  p o s s i b l e  t o  
t r a n s f e r  d a t a  t o  t h e  m a i n f r a m e  c o m p u t e r  P R I M E  v i a  I C E R M I T  
f o r  f u r t h e r  a n a l y s i s .
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F i g .  4 . 1  A  b l o c k  d i a g r a m  o f  t h e  c o n t r o l  a n d  d a t a  c o l l e c t i o n  i n  t h e  s y s t e m .
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T o  d i s p l a y  t h e  r e c o n s t r u c t e d  i m a g e s  a  c o l o u r  g r a p h i c  
s y s t e m  b a s e d  o n  a  P L U T O  c o n t r o l l e r  b o a r d  c o u p l e d  w i t h  a  
P L U T O  p a l e t t e / m e m o r y  b o a r d  i s  u s e d .  T h e y  p r o v i d e  a  d i s p l a y  
w i t h  a  m a x i m u m  r e s o l u t i o n  o f  6 4 0 x 5 7 6  p i x e l s  a n d  e a c h  p i x e l  
m a y  b e  i n d e p e n d e n t l y  s e t  t o  o n e  o f  2 5 6  c o l o u r s .  T h e  P L U T O  
b o a r d / P L U T O  p a l e t t e  b o a r d  c o m b i n a t i o n  h a s  b e e n  i n t e r f a c e d  
w i t h  t h e  B B C - B / 6 5 0 2  s e c o n d  p r o c e s s o r  p r o v i d i n g  a  g r a p h i c  
d i s p l a y  s y s t e m  a r o u n d  t h e  6 4 k  b y t e - m e m o r y  h o s t  m i c r o ­
c o m p u t e r .  S o f t w a r e  d e v e l o p e d  ( i n  B B C - B A S I C  a n d  m a c h i n e  
l a n g u a g e )  i s  u s e d  t o  c o m m u n i c a t e  w i t h  t h e  P L U T O  g r a p h i c  
s y s t e m  f o r  b o t h  m a n i p u l a t i o n  a n d  d i s p l a y i n g  t h e  
r e c o n s t r u c t e d  i m a g e s .
4 . X . 2;  SOURCES AND INCORPORATED COLLIMATORS INTO THE 
SCANNER
G o o d  d e t e c t o r  c o l l i m a t i o n  i s  e s s e n t i a l  i n  b o t h  
e m i s s i o n  a n d  t r a n s m i s s i o n  t o m o g r a p h y  w h e n  u s i n g  m o s t  c o m m o n  
d e t e c t o r s  w h i c h  a r e  n o t  p o s i t i o n  s e n s i t i v e .  T h e  a p e r t u r e  
s i z e  s e l e c t e d  f o r  t o m o g r a p h y  e x p e r i m e n t s  d e p e n d s  o n  t h e  
r e q u i r e m e n t  f o r  s p a t i a l  r e s o l u t i o n .  A  l e a d  c o l l i m a t o r  w i t h  
a n  a p e r t u r e  d i a m e t e r  o f  4  m m ,  1 4 0  m m  l e n g t h ,  1 0  m m  w a l l  a n d  
3 0 0  m m  f a c e  t h i c k n e s s  w a s  d e s i g n e d ,  s o  t h a t  i t  e x t e n d e d  
b a c k  a l o n g  t h e  l e n g t h  o f  t h e  d e t e c t o r ,  N a l ( T l ) ,  t o  p r o v i d e  
g o o d  s h i e l d i n g .  I n  t r a n s m i s s i o n  t o m o g r a p h y  g o o d
c o l l i m a t i o n  o f  t h e  d e t e c t o r  i s  p o i n t l e s s  w i t h o u t  e q u a l l y  
g o o d  c o l l i m a t i o n  o f  t h e  s o u r c e .  F o r  t r a n s m i s s i o n  s t u d i e s  
a  s o u r c e  c o l l i m a t o r  o f  t h e  s a m e  a p e r t u r e  ( 4  m m )  a n d  4 0  m m  
l e n g t h  a n d  2  0  m m  f a c e  t h i c k n e s s  w a s  u s e d .  T h e  s o u r c e s  u s e d  
i n  e m i s s i o n  a n d  t r a n s m i s s i o n  e x p e r i m e n t s  w e r e  ( i )  
e n c a p s u l a t e d  l i q u i d  T c ~ 9 9 m  ( 1 4 0 . 5  K e V )  i n  d i f f e r e n t  v o l u m e s  
a n d  ( i i )  a  2 4 7 . 9  M B q  G d - 1 5 3  s o l i d  s o u r c e  ( 9 8  K e V  a n d  1 0 3  
K e V )  ,  r e s p e c t i v e l y .  T h e  p e r c e n t a g e  a t t e n u a t i o n  p r o v i d e d  b y  
t h e  d e t e c t o r  c o l l i m a t o r  f a c e  a n d  c o l l i m a t o r  w a l l  w a s ^ 1 0 0 %  
f o r  1 0 3  K e V  a n d  1 4 0 . 5  K e V  g a m m a  r a y s  ( i e - c a l c u l a t e d  f r o m  
( l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t s  -  H U B  8 2 )  .  a  l q s e r  b e a m  
w a s  i n i t i a l l y  u s e d  t o  a l i g n  t h e  c o l l i m a t o r s  a n d  t h e n  t o  s e t  
t h e  s t a r t i n g  p o s i t i o n  o f  t h e  o b j e c t  t a b l e .
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4 . 2 .  THE R O T A T IN G  GAM M A-CAM ERA AN D  S T A R  COM PUTER SYSTEM
u
S e v e r a l  g r o u p s  ( J A S  7 9 ,  H A E  8 4 ,  M U R  8 7 )  h a v e  
d e m o n s t r a t e d  t h e  u s e  o f  a  g a m m a - c a m e r a  w i t h  a  p a r a l l e l -  
h o l e  c o l l i m a t o r  f o r  E C T .  S e v e r a l  m a n u f a c t u r e r s  a r e  n o w  
m a r k e t i n g  v a r i o u s  r o t a t i n g  g a m m a  c a m e r a s  ( e g .  S e l o - I t a l y ,  
G E - G e r m a n y ,  E l s c i n t - I s r a e l ,  C G R - F r a n c e ,  S i e m e n s - H o H a n d  a n d  
A D A C - U S ) o  I n  t h i s  w o r k  t h e  s y s t e m  w a s  b a s e d  o n  a  r o t a t i n g  
g a m m a - c a m e r a ,  I G E - 4 0 0 T  a t  t h e  S T .  L u k e ' s  H o s p i t a l ,  
G u i l d f o r d  ( w h e r e a s  a t  t h e  L o n d o n  H o s p i t a l ,  W h i t e c h a p e l  
w h e r e  f u r t h e r  w o r k  w a s  p e r f o r m e d  t h e  I G E - 4 0 0  a / t  w a s  u s e d )  .  
A  S t a r  c o m p u t e r  s y s t e m  w a s  p a r t  o f  t h e
S T .  L u k e ' s  i m a g i n g  f a c i l i t y  a n d  w a s  e m p l o y e d  t o  i n v e s t i g a t e  
t h e  p e r f o r m a n c e  a n d  q u a n t i t a t i v e  c a p a b i l i t i e s  o f  t h e  
i m a g i n g  s y s t e m  p r i o r  t o  t o m o g r a p h i c  s t u d i e s .
4 . 2 . 1  S G E N E R A L  D E S C R I P T I O N
4 . 2 . 1 . 1  I T H E  I G E - 4 0 0 T  S C I N T I L L A T I O N  C A M E R A  S Y S T E M
T h e  c a m e r a  s y s t e m  c o n s i s t s  o f  t w o  m a j o r  c o m p o n e n t s :  a  
l a r g e  f l a t  N a l ( T l )  i m a g i n g  d e t e c t o r  w i t h  c o u n t e r  b a l a n c e d  
f r a m e  a n d  a  c o m p a c t  e l e c t r o n i c s  c a b i n e t .
I -  T h e  i m a g i n g  d e t e c t o r :  T h e  s c i n t i l l a t i o n  c r y s t a l
h a s  4 6 5  m m  d i a m e t e r  a n d  1 2 . 5  m m  t h i c k n e s s  ( i . e .  / ? = 3 . 6 7  
g r . c m * 3 ,  Z e f f = 5 0 ,  l i n e a r  p e f f  a t  1 5 0  K e V  i s  2 2 . 2  m m ‘ 1 ) w h i c h  i s  
h o u s e d  i n  a n  a l u m i n i u m  a n d  l e a d  s h i e l d  c a s i n g  ( i . e .  3 0  m m  
o f  l e a d  o n  t h e  s i d e s  o f  c r y s t a l  a n d  8  m m  a t  t h e  t o p  o f  t h e  
d e t e c t o r ) .  I t  i s  f i t t e d  w i t h  a  l o w  e n e r g y ,  g e n e r a l  
p u r p o s e ,  p a r a l l e l - h o l e  c o l l i m a t o r  ( L E G P )  w i t h  1 6 0 0 0  h o l e s ,  
e a c h  o f  2 . 6  m m  d i a m e t e r .  T h e  c r y s t a l  i s  v i e w e d  b y  37 
p h o t o - m u l t i p l i e r  t u b e s  ( P M T )  o f  t h e  ' t e a c u p '  t y p e ,  e a c h  
m e a s u r i n g  7 5  m m  i n  d i a m e t e r .  A  c o m p u t i n g  c i r c u i t  i s  u s e d  
i n  c o m b i n a t i o n  w i t h  t h e  p h o t o t u b e  a r r a y  t o  d e t e r m i n e  t h e  x -  
y  p o s i t i o n  o f  s c i n t i l l a t i o n s  o c c u r r i n g  w i t h i n  t h e  c r y s t a l  
o n  t h e  b a s i s  o f  t h e  r e l a t i v e  i n t e n s i t y  o f  l i g h t  s e e n  b y  
( e a c h  o f  t h e  p h o t o t u b e s .  I n  a d d i t i o n ,  t h e  c o m p u t i n g  c i r c u i t  
s u m s  t h e  o u t p u t  f r o m  a l l  t u b e s  f o r  a  s i n g l e  e v e n t  t o  
d e t e r m i n e  t h e  Z  p u l s e ,  a n  o u t p u t  s i g n a l  t h a t  i s  
p r o p o r t i o n a l  t o  t h e  t o t a l  e n e r g y  a b s o r b e d  b y  t h e  N a l ( T l )
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c r y s t a l  f o r  t h e  e v e n t .  T h i s  s i g n a l  i s  a p p l i e d  t o  t h e  
p u l s e - h e i g h t  s e l e c t i o n  c i r c u i t ,  w h i c h  a l l o w s  o n l y  t h o s e  z  
p u l s e s  w i t h  a m p l i t u d e s  f a l l i n g  w i t h i n  a  p r e s e l e c t e d  e n e r g y  
r a n g e  t o  p a s s  o n  t o  t h e  d a t a  r e c o r d i n g  p o r t i o n s  o f  t h e  
i m a g i n g  s y s t e m  ( f i g  4 . 2 ) .  f o r  f u r t h e r  d e t a i l s  o f  t h e  
p r i n c i p l e  o f  t h e  o p e r a t i o n  o f  a  g a m m a - c a m e r a  o n e  c o u l d  
r e f e r  t o  ( S O R  8 0 ) .
I I -  T h e  e l e c t r o n i c  u n i t :  T h e  u n i t  a s s o c i a t e d  w i t h  t h e
c a m e r a  c o n s i s t s  o f :  a  t i m e r - s c a l e r  u n i t ,  w h i c h  a l l o w s  t h e  
s e l e c t i o n  o f  p r e s e t  t i m e s  ( i e .  1  t o  9 9 9 9 s . )  d u r i n g  w h i c h  
c o u n t s  a r e  a c q u i r e d ,  a  d i g i t a l  r a t e m e t e r  d i s p l a y  ( i . e .  1  t o  
9 9 9 9 9  c o u n t s  p e r  s e c o n d ) ,  a  s e t  o f  i m a g e  o r i e n t a t i o n  
s w i t c h e s ,  a  w i n d o w  m o d u l e  c o n s i s t i n g  o f  a  s p e c t r u m  d i s p l a y ,  
a  t h r e e - c h a n n e l  a n a l y s e r  w h i c h  a l l o w s  t h e  s y s t e m  t o  i m a g e  
n u c l i d e s  w i t h  u p  t o  t h r e e  p h o t o p e a k s  a n d  a  h i g h  v o l t a g e  
s u p p l y  u n i t ,  w h i c h  a c c o m m o d a t e s  t h e  d e t e c t o r  e n e r g y  r a n g e  
o f  5 0 - 4 0 0  K e V .  F i g u r e  ( 4 . 3 )  s h o w s  t h e  c a m e r a  a n d  
a s s o c i a t e d  e l e c t r o n i c  u n i t .
4 . 2 . 1 . 2 S  THE DATA GENERAL -  STAR COMPUTER SYSTEM
T h e  D a t a  G e n e r a l  c o m p u t e r  u t i l i s i n g  t h e  S t a r  v e r s i o n  
o f  s o f t w a r e  i s  u s e d  f o r  t h e  c o l l e c t i o n  a n d  p r o c e s s i n g  o f  
d a t a ,  f r o m  t h e  c a m e r a  a s  w e l l  a s  f o r  t h e  c o n t r o l  o f  t h e  
d e t e c t o r  a s s e m b l y  i n  N u c l e a r  M e d i c i n e  d i a g n o s t i c  p r o c e d u r e s  
( N . B .  t h i s  i s  u s e d  b y  S T .  L u k e ' s  H o s p i t a l ) .
I  -  T h e  H a r d w a r e :  T h e  S t a r  S y s t e m  w h i c h  i s  i n t e r f a c e d  
t o  t h e  s c i n t i l l a t i o n  c a m e r a  s y s t e m  i s  b u i l t  a r o u n d  a  1 6 -  
b i t  D a t a  G e n e r a l  N o v a  4 x  c o m p u t e r  s u b s y s t e m .  T h e  s y s t e m  
h a s  a c c e s s  t o  a  1 2 . 5  m e g a b y t e  W i n c h e s t e r  d i s c  f o r  t e m p o r a r y  
s t o r a g e  o f  d a t a ,  w h i l e  l o n g  t e r m  s t o r a g e  i s  d o n e  w i t h  t h e  
a i d  o f  a  8 0  m e g a b y t e  W i n c h e s t e r  d i s c  o r  1 . 2 6  m e g a b y t e  
d o u b l e  d e n s i t y  f l o p p y  d i s c .  T h e  s y s t e m  u t i l i s e s  a  p r o m p t e d  
n u m e r i c  m e n u  a n d  s i m p l e  c o m m a n d  s t r u c t u r e s  f o r  e a s e  o f  
o p e r a t i o n .
I I  -  T h e  S o f t w a r e :  T h e  s t a r  s o f t w a r e  i s  c l a s s i f i e d  
i n t o  t h r e e  m a j o r  a r e a s ;  a c q u i s i t i o n ,  i m a g e  p r o c e s s i n g  a n d  
s y s t e m  m a i n t e n a n c e .  I n  t h e  a c q u i s i t i o n  m o d e ,  p a r a m e t e r s  
a r e  d e f i n e d  f o r  t h e  t y p e  o f  a c q u i s i t i o n  w h i c h  i s  d e s i r e d ,
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a s  w e l l  a s  m a t r i x  s i z e  t h a t  n e e d s  t o  b e  d e f i n e d  ( u p  t o  2 5 6  
x  2 5 6 )  .  I n  t h e  t o m o g r a p h i c  s t u d i e s  a  6 4  x  6 4  m a t r i x  w a s  
u s e d  w h i c h  p r o v i d e s  a  m a x i m u m  c o u n t  p e r  p i x e l  c a p a b i l i t y  o f  
4 0 9 6 .  T w o  i m p o r t a n t  p a r a m e t e r s  a l s o  n e e d  t o  b e  s p e c i f i e d  
i n  t o m o g r a p h i c  i m a g i n g ?  t h e  n u m b e r  o f  v i e w s  ( i . e .  3 2 ,  6 4 ,  
1 2 8 )  o v e r  1 8 0 °  o r  3 6 0 °  a n d  t h e  t i m e  p e r  v i e w  ( 1 - 9 9  s e c . ) .  
F o r  f u r t h e r  d e t a i l s  o f  t h e  S t a r  s o f t w a r e  a n d  a v a i l a b i l i t y  
o f  m u l t i p u r p o s e  p r o g r a m s ,  t h e  a u t h o r  r e c o m m e n d s  t h e  ' S t a r  
O p e r a t o r s  M a n u a l  -  O M  H 2 5 0 6 A / A E ,  s e c t i o n  5 ' .
4 . 2 . 2 S  F A C T O R S  A F F E C T I N G  T H E  G A M M A - C A M E R A  I M A G E  
P R O D U C T I O N
T h e  p r o d u c t i o n  o f  r a d i o n u c l i d e  i m a g e s  o f  g o o d  q u a l i t y  
a n d  c o n t a i n i n g  r e l i a b l e  i n f o r m a t i o n  i s  d e p e n d e n t  u p o n  m a n y  
f a c t o r s ,  w h i c h  c a n  b e  c l a s s i f i e d  i n t o  f o u r  g r o u p s :  s c a n
p a r a m e t e r s ,  r e c o n s t r u c t i o n  p a r a m e t e r s ,  g a n t r y  c o n d i t i o n  a n d  
g a m m a - c a m e r a  p e r f o r m a n c e  w h i c h  a r e  b r i e f l y  d e s c r i b e d  w i t h  
p a r t i c u l a r  e m p h a s i s  o n  t h e  l a t t e r  g r o u p s ,  w h e r e  a  s e r i e s  o f  
m e a s u r e m e n t s  w e r e  p e r f o r m e d  t o  i n v e s t i g a t e  t h o s e  f a c t o r s  
w h i c h  m i g h t  a f f e c t  i m a g e  q u a l i t y  a n d  i n t r o d u c e  e r r o r  i n  
q u a n t i t a t i v e  i m a g i n g .
T h e  s c a n  p a r a m e t e r s  i n c l u d e  t h o s e  a s p e c t s  r e l a t e d  t o  
t h e  p a t i e n t  ( o r  o b j e c t )  a s  w e l l  a s  t o  d a t a  a c q u i s i t i o n .  T h e  
f o r m e r  a s p e c t  i n c l u d e s  p a t i e n t  p o s i t i o n i n g  a n d  t h e  
d i s t r i b u t i o n  o f  a c t i v i t y ,  w h e r e a s  t h e  l a t t e r  a s p e c t  
i n c l u d e s  a c q u i s i t i o n  t i m e ,  n u m b e r  o f  p r o j e c t i o n s ,  r o t a t i o n  
d i a m e t e r  a n d  t o t a l  s c a n  c o n v e r g e  ^  1 8 0 °  o r  3 6 0 ° .
T h e  r e c o n s t r u c t i o n  p a r a m e t e r s  i n c l u d e  t h e  c h o i c e  o f  
r e c o n s t r u c t i o n  a l g o r i t h m ,  r e c o n s t r u c t i o n  f i l t e r  w h e r e  
a p p l i c a b l e ,  a t t e n u a t i o n  a n d  s c a t t e r i n g  c o r r e c t i o n  m e t h o d s .  
T h e  s e l e c t i o n  o f  a p p r o p r i a t e  s l i c e  w i d t h  a n d  i m a g e  
o r i e n t a t i o n  f o r  t h e  g e n e r a t i o n  o f  s a g i t a l ,  c o r o n a l  a n d  
o b l i q u e  s e c t i o n s  i s  a l s o  i m p o r t a n t ,  s i n c e  t h e  p a r t i a l  
v o l u m e  e f f e c t ,  w h i c h  i s  r e l a t e d  t o  t h e  r e s o l u t i o n  i n  a l l  
, t h r e e  d i m e n s i o n s  w i l l  d e t e r m i n e  t h e  a c c u r a c y  w i l t h  w h i c h  
o r g a n  v o l u m e s  m a y  b e  d e t e r m i n e d  a n d  t h e  p r o b a b i l i t y  w i t h  
w h i c h  l e s i o n s  m a y  b e  d e t e c t e d .
T h e  g a n t r y  c o n d i t i o n  i s  b a s e d  o n  s t a b i l i t y  a n d
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a l i g n m e n t  o f  t h e  r o t a t i o n a l  c o m p o n e n t  o f  a  S P E C T  s y s t e m  a s  
w e l l  a s  s a m p l i n g  o f  p r o j e c t i o n s  d u r i n g  a c q u i s i t i o n  a n d  
r e c o n s t r u c t i o n .  I f  t h e  c a m e r a  h e a d  i s  a n g l e d  w i t h  r e s p e c t  
t o  t h e  a x i s  o f  r o t a t i o n ,  t h e  p r o j e c t i o n s  w i l l  n o t  b e  
o r t h o g o n a l  t o  t h e  o b j e c t ,  a n d  t h e  s l i c e  v o l u m e  w i l l  v a r y  
f r o m  t h i s  e f f e c t  o v e r  a n d  a b o v e  t h a t  d u e  t o  c h a n g e s  i n  
c a m e r a  r e s o l u t i o n  w i t h  d e p t h .  O n e  w a y  t o  a c h i e v e  p a r a l l e l  
a l i g n m e n t  o f  t h e  c a m e r a  h e a d  w i t h  t h e  a x i s  o f  r o t a t i o n  i s  
t o  u s e  a  s p i r i t  l e v e l  o n  t h e  d e t e c t o r  a n d  t h i s  c a n  b e  
c h e c k e d  b y  a c q u i s i t i o n s  o f  i m a g e s  o f  p o i n t  s o u r c e s  o f  1 8 0 °  
o p p o s e d  v i e w s .
4 . 2 . 2 . 1 S  P E R F O R M A N C E  A S S E S S M E N T
T h e  l i t e r a t u r e  d e a l i n g  w i t h  g a m m a - c a m e r a  p e r f o r m a n c e  
a s s e s s m e n t  i s  n o w  e x t e n s i v e .  P r o t o c o l s  p r o p o s e d  b y  t h e  
N a t i o n a l  E l e c t r i c  M a n u f a c t u r e r s  A s s o c i a t i o n  ( N E M A )  a n d  t h e  
I n t e r n a t i o n a l  E l e c t r o t e c h n i c a l  C o m m i s s i o n  ( I E C )  a r e  m o s t  
w i d e l y  u s e d .  A l s o ,  t w o  r e p o r t s  b y  t h e  D e p a r t m e n t  o f  H e a l t h  
a n d  S o c i a l  S e c u r i t y  ( D H S S  8 0 ,  8 2 )  i n c l u d e  e x t e n s i v e  d a t a  o n  
b o t h  q u a n t i t a t i v e  a n d  q u a l i t a t i v e  t e s t s ,  w h e r e  t h e  l a t t e r  
r e p o r t . i n c l u d e s  t e s t s  c o n t a i n e d  w i t h i n  t h e  ' N E M A - 1 9 8 0 '  a n d  
' I E C - 1 9 8 0 1 d o c u m e n t s .  T h e  f o l l o w i n g  d e s c r i b e  t h e
m e a s u r e m e n t  o f  t h e  i m p o r t a n t  p e r f o r m a n c e  p a r a m e t e r s  b a s e d  
o n  t e c h n i q u e s  a d o p t e d  f r o m  t h e  ' D H S S  8 2 *  r e p o r t s  a s  w e l l  a s  
t h e  r e c e n t  r e p o r t  b y  t h e  A m e r i c a n  A s s o c i a t i o n  o f  P h y s i c i s t s  
i n  M e d i c i n e  ( A A P M  8 7 ) .  T h e s e  p a r a m e t e r s  a r e :  p i x e l  s i z e ,  
c e n t r e  o f  r o t a t i o n ,  u n i f o r m i t y ,  c o u n t - r a t e  p e r f o r m a n c e ,  
v o l u m e  s e n s i t i v i t y  a n d  s p a t i a l  r e s o l u t i o n .  A s s e s s m e n t s  
w e r e  p e r f o r m e d  w i t h  T c - 9 9 m  a n d  a  l o w  e n e r g y  g e n e r a l  p u r p o s e  
c o l l i m a t o r  ( L E G P ) .
I  -  P i x e l  s i z e :  W h e n e v e r  a  m a t r i x  s i z e  i s  s e l e c t e d
i t  i s  i m p o r t a n t  t o  k n o w  t h e  d i m e n s i o n s  o f  t h e  p i x e l s  t h a t  
a r e  n e e d e d  f o r  d e t e r m i n a t i o n  o f  t h e  r a y  l e n g t h s  i n  t h e  
a t t e n u a t i o n  c o r r e c t i o n  a l g o r i t h m s ,  f o r  a c c u r a t e  i m a g e  
( s c a l i n g  a n d  f o r  s i z e  a n d  v o l u m e  d e t e r m i n a t i o n s ,  f h e  p i x e l  
w i d t h  i n  b o t h  x  a n d  y  d i r e c t i o n s  w a s  d e t e r m i n e d  u s i n g  a  
p e r s p e x  p l a t e  b a c k e d  b y  t w o  p a r a l l e l  l i n e  s o u r c e s  ( i . e .  1  
m m  i n n e r  d i a m e t e r )  a n d  c o n t a i n i n g  u n i f o r m  a c t i v i t y  o f
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a p p r o x i m a t e l y  2 0  M B q .  T h e  d i s t a n c e  ( D )  b e t w e e n  t h e  t w o
l i n e  s o u r c e s  w a s  m e a s u r e d  a c c u r a t e l y  t o  e q u a l  ( 3 6 0  ±
0 . 5  ) m m .  B o t h  m a t r i x  s i z e s  o f  ( 6 4  x  6 4 )  a n d  ( 1 2 8  x  1 2 8 )
w e r e  s e l e c t e d  o v e r  4 0 0  m m  f i e l d  o f  v i e w  a n d  t w o  s e t s  o f
i m a g e s  w e r e  o b t a i n e d .  U s i n g  t h e  a v a i l a b l e  p r o g r a m m e  ( L I S T  
C U R V E ) ,  t h e  c u r v e s  o f  d a t a  p o i n t s  v e r s u s  s p a c i n g  i n  p i x e l  
( N )  w e r e  g e n e r a t e d  ( f i g  4 . 4 ) .  T h e  c a l c u l a t e d  p i x e l  w i d t h  
o r  c a l i b r a t i o n  f a c t o r  ( P  =  D / N )  m m / p i x e l  r e v e a l e d  t h a t  t h e  
p i x e l s  a r e  n o t  s q u a r e  a n d  t h e r e  a r e  d i f f e r e n c e s i n  x  a n d  y  
d i r e c t i o n  o f  a b o u t  5 %  f o r  a  m a t r i x  o f  6 4  x  6 4  a n d  2 . 9 %  f o r  
a  m a t r i x  o f  1 2 8  x  1 2 8 .  T h o s e  v a l u e s ' a r e  a p p r o x i m a t e l y  i n  
a g r e e m e n t  w i t h  t h e  A A P M  ( i . e .  5 % ) ,  a l t h o u g h  t h e  d e t e r m i n e d  
r e s u l t s  i n d i c a t e  t h a t  b o t h  m a t r i c e s  a r e  n o t  o v e r l a i d  t o  
o p t i m i s e  d i g i t i s a t i o n .  S i n c e  f o r  a  4 0 0  m m  f i e l d  o f  v i e w ,  
a  ( 6 4  x  6 4 )  m a t r i x  l a i d  i d e a l l y  o v e r  t h e  c r y s t a l  s h o u l d  
g i v e  a  p i x e l  w i d t h  o f  6 . 2  m m .
I I  -  C e n t r e  o f  r o t a t i o n  ( C O R ) :  f o r  t o m o g r a p h i c
r e c o n s t r u c t i o n  i t  i s  n e c e s s a r y  t o  a l i g n  t h e  i m a g e s  s o  t h a t  
t h e  p r o j e c t i o n  o f  t h e  a x i s  o f  g a n t r y  r o t a t i o n  c o i n c i d e s  
w i t h  t h e  c e n t r e  o f  r o t a t i o n  o f  t h e  r e c o n s t r u c t i o n  m a t r i x ,  
s i n c e  i t  i s  a s s u m e d  t h a t  t h e  i m a g e  m a t r i x ,  r e p r e s e n t i n g  t h e  
a c t i v i t y  d i s t r i b u t i o n  i n  a  s e c t i o n ,  h a s  a  c o n s t a n t  
r e l a t i o n s h i p  t o  t h e  d a t a  a c q u i s i t i o n  m a t r i x .  T h e r e f o r e ,  i f  
o n e  m a t r i x  s h i f t s  w i t h  r e s p e c t  t o  t h e  o t h e r  f o r  d i f f e r e n t  
a n g l e s  o f  d a t a  a c q u i s i t i o n ,  t h e n  t h e  i m a g e  r e c o n s t r u c t e d  
f r o m  b a c k  p r o j e c t i n g  t h e  d a t a  w i l l  b e  b l u r r e d ,  b e c a u s e  o f  
r e l a t i v e  m o t i o n  o f  t h e  t w o  m a t r i c e s .  T h e  C O R  m a y  v a r y  d u e  
t o  m e c h a n i c a l  p r o b l e m s  w i t h  d e t e c t o r  r o t a t i o n ,  c h a n g e  i n  
a m p l i f i e r  g a i n  a n d  o f f s e t ,  e r r o r s  i n  t h e  a n a l o g  t o  d i g i t a l  
c o n v e n t e r  a n d  l a c k  o f  p a r a l l e l i s m  b e t w e e n  t h e  
c o l l i m a t o r / d e t e c t o r  p l a n e  a n d  t h e  a x i s  o f  r o t a t i o n .  t o  
d e t e r m i n e  C O R  a n d  t o  c o r r e c t  f o r  c a m e r a  a l i g n m e n t  a  s e t  o f  
m e a s u r e m e n t s  w a s  c a r r i e d  o u t .  A  s i n g l e  s m a l l  s o u r c e . ( 8  m m  
x  5  m m )  ,  c o n t a i n i n g  a  s o l u t i o n  o f  T c - 9 9 m  ( — T 8 M B q )  ,  w a s  
p l a c e d  5 0  m m  f r o m  t h e  a x i s  o f  r o t a t i o n  a n d  i n  t h e  s l i c e  
( d i r e c t i o n  ( i . e .  y - d i r e c t i o n ) . A  3 2  t o m o g r a p h i c  y i e w  o v e r  
3 6 0 °  w i t h  a  r a d i u s  o f  r o t a t i o n  o f  1 5 0  m m  a n d  2  x  1 0 4  c o u n t s  
p e r  v i e w  w a s  t a k e n .  T h e  m a n u f a c t u r e r  c a l i b r a t i o n  p r o g r a m m e  
w a s  u s e d  t o  a n a l y z e  t h e  d a t a ,  w h i c h  w e r e  c o m p a r e d  t o  t h e
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c a l i b r a t e d  o u t p u t  f r o m  a  t y p i c a l  w e l l  s e t - u p  g a n t r y  ( T h e  
S t a r  m a n u a l  t e s t  r e p o r t ) .  T h e  r e s p o n s e  o f  t h e  s m a l l  s o u r c e  
i m a g e  a l o n g  t h e  x - d i r e c t i o n  w i l l  s h i f t  s i n u s o i d a l l y  a n d  a n y  
d e v i a t i o n  f r o m  a  p e r f e c t  s i n e  w a v e  c a n  b e  a t t r i b u t e d  t o  
t h e  c a m e r a  h e a d  n o t  t r a v e r s i n g  a  t r u e  c i r c u l a r  p a t h .  A n y  
m o t i o n  o f  t h e  s o u r c e  a l o n g  t h e  y - a x i s  i s  a n  i n d i c a t i o n  o f  
i m p r o p e r  m e c h a n i c a l  a l i g n m e n t  o f  t h e  c a m e r a  h e a d  w i t h  t h e  
a x i s  o f  r o t a t i o n  o r  c o l l i m a t o r  h o l e  a n g u l a t i o n  ( f i g .  4 . 5 ) .  
H o w e v e r ,  s i n c e  t h e  r e s u l t  o b t a i n e d  i s  s u b j e c t e d  t o  c h a n g e  
d u e  t o  t h e  s t a t e d  r e a s o n s ,  i t  i s  n o t  a  f i x e d  r e f e r e n c e  a n d  
C O R  s h o u l d  b e  p e r f o r m e d  d a i l y  b e f o r e  a n y  t o m o g r a p h i c  
s t u d i e s .
I l l  -  U n i f o r m i t y :  S m a l l  b u t  n o t i c e a b l e
n o n u n i f o r m i t i e s  i n  i n t e n s i t y  a r e  p r o d u c e d  f o r  a n  i m a g e  
o b t a i n e d  w h e n  t h e  c a m e r a  ( c r y s t a l )  i s  e x p o s e d  t o  u n i f o r m  
f l u x  o f  r a d i a t i o n ,  e v e n  w i t h  a  p r o p e r l y  f u n c t i o n i n g  c a m e r a .  
T h e r e  a r e  t w o  p r i m a r y  c a u s e s  o f  t h e  c a m e r a  n o n u n i f o r m i t i e s .  
T h e  f i r s t  i s  i m a g e  n o n l i n e a r i t y  a n d  t h e  s e c o n d  i s  t h e  
n o n u n i f o r m  d e t e c t i o n  e f f i c i e n c y  d u e  t o  t h e  f a c t  t h a t  p h o t o n  
c o l l e c t i o n  b y  t h e  P M T ' s  i s  d e p e n d e n t  o n  t h e i r  p o s i t i o n s  
r e l a t i v e  t o  t h a t  o f  a  s c i n t i l l a t i o n  s o  t h a t  t h e  s e n s i t i v i t y  
o f  d i f f e r e n t  p a r t s  o f  t h e  c r y s t a l  m a y  v a r y .  T h i s  e f f e c t  i s  
a l s o  p r o d u c e d  b y  i n c o r r e c t l y  s e t  r e l a t i v e  g a i n s  o f  t h e  
P M T , s .  E v e n t s  a t  t h e  v e r y  e d g e s  a r e  n o t  d i s t r i b u t e d  
u n i f o r m l y  b u t  a r e  " p u l l e d "  t o w a r d s  t h e  c e n t r e ,  c o m p o u n d i n g  
t h e  e d g e - p a c k i n g  a r t e f a c t ,  b e c a u s e  f o r  e v e n t s  o c c u r r i n g  
t o w a r d s  t h e  c e n t r e  o f  t h e  c r y s t a l  t h e r e  a r e  a l w a y s  P M  T u b e s  
o n  e i t h e r  s i d e  o f  t h e  e v e n t  l o c a t i o n ,  w h e r e a s  a t  t h e  e d g e s  
o f  t h e  c r y s t a l  t h e r e  a r e  P M  t u b e s  o n l y  t o  o n e  s i d e .  A  
b r i g h t  r i n g  a r o u n d  t h e  e d g e  o f  t h e  i m a g e  i s  a n o t h e r  s i g n  o f  
n o n u n i f o r m i t y .  T h i s  h a p p e n s  b e c a u s e  i n t e r n a l  r e f l e c t i o n s  
o f  s c i n t i l l a t i o n  l i g h t  f r o m  t h e  s i d e s  o f  t h e  d e t e c t o r  
c r y s t a l  b a c k  i n t o  t h e  P M  t u b e s  n e a r  t h e  e d g e  r e s u l t s  i n  
g r e a t e r  l i g h t  c o l l e c t i o n  e f f i c i e n c y  f o r  e v e n t s  n e a r  t h e  
e d g e  v e r s u s  c e n t r a l  r e g i o n s  o f  t h e  d e t e c t o r  c r y s t a l .
( S i n c e ,  t h e  s p a t i a l  o r i e n t a t i o n  o f  t h e  c a m e r a  a q d  o b j e c t  
c h a n g e s  d u r i n g  a  S P E C T  a c q u i s i t i o n ,  a r e a s  o f  n o n u n i f o r m i t y  
a r e  s p r e a d  t h r o u g h o u t  t h e  d a t a  s e t  a n d  t h e r e f o r e  i n t o  t h e
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F ig .  4 .4 Profiles obtained from the two line sources and the pixel sizes obtained.
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F i g .  4 . 5 COR of the IGE-400T gamma camera;
(a) - A typical well set-up
(b) - An experimental determined COR
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r e c o n s t r u c t e d  i m a g e .  F o r  3 6 0 °  d a t a  a c q u i s i t i o n  t h e  m o s t  
c o m m o n  p r e s e n t a t i o n  a r e  r i n g s  o f  i n c r e a s e d  o r  d e c r e a s e d  
i n t e n s i t y  p r o d u c i n g  a  ' b u l l ' s - e y e '  i n  t h e  i m a g e .  F i g u r e  
( 4 . 6 a )  i s  a n  e x a m p l e  o f  ' b u l l ' s - e y e 8 a r t e f a c t  i n  t h e  
r e c o n s t r u c t e d  t r a n s a x i a l  i m a g e  o f  a  u n i f o r m  p h a n t o m  b e f o r e  
u n i f o r m i t y  c o r r e c t i o n  i s  a p p l i e d ,  w h e r e  a t t e n u a t i o n  i s  
a s s u m e d  t o  b e  c o n s t a n t  ( 0 . 0 8 / p i x e l )  a n d  f i g .  ( 4 . 6 b )  i s  t h e  
s a m e  s l i c e  a f t e r  u n i f o r m i t y  c o r r e c t i o n .  I n  t h i s  s t u d y  t h e  
a v a i l a b l e  S t a r  p r o g r a m m e  b a s e d  o n  t h e  d i v i s i o n  t e c h n i q u e  
( D H S S  8 2 )  e m p l o y i n g  a  u n i f o r m  f l o o d  s o u r c e  ( i . e .  A  4 5 0  m m  
d i a m e t e r  d i s k  p h a n t o m ,  c o n t a i n i n g / - ^  5 0  M B q  T c - 9 9 m  s o l u t i o n )  
w a s  u s e d  t o  a n a l y s e  t h e  3  x  1 0 6 c o u n t s  f l o o d  i m a g e  f o r  
u n i f o r m i t y  c o r r e c t i o n .
V  -  C o u n t  r a t e  p e r f o r m a n c e s  F o r  q u a n t i t a t i v e  i m a g e  
a n a l y s i s  i t  i s  i m p o r t a n t  t h a t  t h e  p e r c e n t a g e  d a t a  l o s s  d u e  
t o  t h e  c a m e r a  d e a d t i m e  b e  k n o w n  a n d  c o r r e c t e d .  T h i s  i s  
u s u a l l y  a  p r o b l e m  o n l y  d u r i n g  v e r y  h i g h  c o u n t - r a t e  s t u d i e s .  
T h e  m e t h o d  s u g g e s t e d  b y  D H S S  ( i . e .  a d d i n g  k n o w n  i n c r e m e n t s  
o f  r a d i o a c t i v i t y  t o  a n  a c t i v e  v o l u m e  o f  s o u r c e ,  p l a c e  
d i r e c t l y  o n  t h e  c o l l i m a t o r  s u r f a c e )  w a s  u t i l i s e d  t o  m e a s u r e  
c o u n t - r a t e .  A  l i n e a r  r e g r e s s i o n  p r o g r a m m e  i s  a l s o  u s e d  t o  
o b t a i n  t h e  e x p e c t e d  c o u n t - r a t e .  A  p l o t  o f  o b s e r v e d  v e r s u s  
e x p e c t e d  c o u n t - r a t e  a s  s h o w n  i n  f i g u r e  ( 4 . 7 ) ,  c a n  b e  d r a w n  
t o  e s t i m a t e  t h e  l o s s e s  ( e g .  1 0 % ,  1 5 % ,  a n d  3 0 % )  w i t h  r e s p e c t  
t o  e x p e c t e d  c o u n t  r a t e .
V I  -  V o l u m e  s e n s i t i v i t y s  W h e n  q u a n t i t a t i v e  
i n f o r m a t i o n  i s  u s e d  t o  p r o v i d e  a n  a s s e s s m e n t  o f  t h e  s t a t e  
o f  a  d i s e a s e  i n  a  d i a g n o s t i c  o r  a  t h e r a p e u t i c  p r o c e d u r e  a s  
w e l l  a s  a n y  q u a n t i t a t i v e  e v a l u a t i o n ,  o n e  o f  t h e  p r i m e  
r e q u i s i t e s  i s  n o t  o n l y  t o  d e t e r m i n e  t h e  s e n s i t i v i t y  o f  t h e  
s y s t e m ,  I G E - 4 0 0 T ,  b u t  a l s o  t o  i n v e s t i g a t e  w h e t h e r  t h e  
r e s p o n s e  i s  l i n e a r  a n d  i n d e p e n d e n t  o f  s o u r c e  s i z e .  F o r  
t h o s e  p u r p o s e s ,  t w o  d i f f e r e n t  s i z e  c y l i n d r i c a l  p h a n t o m s  A  
a n d  B  ( o f  2 2 0  m m  a n d  1 2 5  m m  d i a m e t e r  r e s p e c t i v e l y )  
c o n t a i n i n g  s o l u t i o n  o f  T c - 9 9 m  w e r e  u s e d ,  w h e r e  t h e  
c o n c e n t r a t i o n  o f  r a d i o a c t i v i t y  ( M B q .  m l ' 1 )  w i t j h i n  t h e  
p h a n t o m s  w a s  v a r i e d  o v e r  a  c l i n i c a l l y  u s e f u l  r a n g e .  A  
s e r i e s  o f  t o m o g r a p h i c  s t u d i e s  o v e r  3 6 0 °  w a s  p e r f o r m e d .  T h e  
a n a l y s e d  d a t a  ( f i g .  4 . 8 )  r e v e a l e d  t h a t  t h e  s y s t e m  h a s
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F ig .  4 .6  Comparison of transaxial emission image, uniform phantom; (a) before
correction, (b) after correction.
F ig .  4 .7  Comparison of measured and expected count-rate (i.e. normal count-rate).
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l i n e a r  r e s p o n s e  w i t h  r e s p e c t  t o  t h e  d i f f e r e n t  a c t i v i t y  
c o n c e n t r a t i o n  a n d  t h e  s i z e  o f  p h a n t o m s .  A  l e a s t  s q u a r e  f i t  
w a s  p e r f o r m e d  o n  t h e  d a t a  p o i n t s  a n d  a  c a l i b r a t i o n  f a c t o r  
( v o l u m e  s e n s i t i v i t y )  o f  1 . 8 1 0 . 1  C . m i n " 1 .  K B q " 1 . m l ' 1 w a s  
d e t e r m i n e d .
V I I  -  S p a t i a l  r e s o l u t i o n :  S p a t i a l  r e s o l u t i o n  i s  a
m e a s u r e  o f  a n  i m a g i n g  s y s t e m ' s  a b i l i t y  t o  d e t e c t  t w o  
c l o s e l y  s p a c e d  o b j e c t s  a s  t w o  s e p a r a t e  e n t i t i e s .  T h e  
r e s o l v i n g  l i m i t  o f  a n  i n s t r u m e n t  i s  t h e  m i n i m u m  d i s t a n c e  
t h a t  t w o  o b j e c t s  c a n  b e  s e p a r a t e d  a n d  s t i l l  b e  
d i s t i n g u i s h e d  a s  t w o  o b j e c t s .  I n  c o n v e n t i o n a l  i m a g i n g  t h e  
s p a t i a l  r e s o l u t i o n  i s  o f t e n  d e t e r m i n e d  f r o m  t h e  f u l l  w i d t h  
a t  h a l f  m a x i m u m  ( F W H M )  o f  t h e  l i n e - s p r e a d  f u n c t i o n  ( L S F ) .  
A s  t h e  i d e a l  t o m o g r a p h i c  r e s p o n s e  o f  a  l i n e  s o u r c e ,  
p a r a l l e l  t o  t h e  a x i s  o f  r o t a t i o n  i s  a  ' p o i n t ' ,  t h e  F W H M  o f  
t h e  p o i n t - s p r e a d  f u n c t i o n  i s  c h o s e n  t o  r e p r e s e n t  t h e  
s p a t i a l  r e s o l u t i o n  i n  t h e  t o m o g r a p h i c  p l a n e .  O n e  o f  t h e  
p r i m e  r e q u i r e m e n t s ,  o f  E C T ,  a s  f a r  a s  i m a g e  q u a l i t y  i s  
c o n c e r n e d ,  i s  t h a t  t h e  s p a t i a l  r e s o l u t i o n  b e  m a i n t a i n e d  
u n i f o r m l y  t h r o u g h o u t  t h e  r e c o n s t r u c t e d  s l i c e .  I t  s h o u l d  b e  
n o t e d  t h a t  t h e  s p a t i a l  r e s o l u t i o n  o f  a n  i m a g e  r e c o n s t r u c t e d  
i s  d e p e n d e n t  o n  t h e  c h o i c e  o f  t h e  f i l t e r  f u n c t i o n ,  t h e  t y p e  
o f  c o l l i m a t o r ,  l i n e a r  a n d  a n g u l a r  s a m p l i n g  i n t e r v a l ,  a n d  
t h e  r a d i u s  o f  r o t a t i o n  f o r  t h e  a c q u i s i t i o n .
T h e  s p a t i a l  r e s o l u t i o n  w a s  d e t e r m i n e d  o n  t h e  b a s i s  o f  
a  s o u r c e  i n  a t t e n u a t i n g  m e d i a ,  w h e r e  1  m m  d i a m e t e r  t u b i n g  
c o n t a i n i n g  a n  a c t i v i t y  p e r  u n i t  l e n g t h  o f  6  M B q  c m ' 1 ( T c -  
9 9 m  s o l u t i o n )  w a s  w o v e n  r o u n d  a  p e r p e x  f r a m e  t o  f o r m  a  
s e r i e s  o f  p a r a l l e l  l i n e  s o u r c e s  a n d  p o s i t i o n e d  i n  t h e  b o d y  
p h a n t o m  ( 2 2 0  m m  d i a m e t e r ) .  T h e  l i n e  s o u r c e s  h a d  d i f f e r e n t  
r a d i a l  d i s t a n c e  f r o m  t h e  c e n t r e  o f  t h e  p h a n t o m .
T o m o g r a p h i c  a c q u i s i t i o n  f o r  6 4  p r o j e c t i o n s  o v e r  3 6 0 °  a n d  
2 0 0  m m  r a d i u s  o f  r o t a t i o n  w e r e  p e r f o r m e d ,  w h e r e  l i n e  
s o u r c e s  h a d  r a d i a l  d i s t a n c e s  o f  0 ,  2 0 ,  4 0 ,  6 0 ,  8 0  a n d  
1 0 0  m m  f r o m  t h e  c e n t r e  o f  t h e  p h a n t o m .  H o r i z o n t a l  a n d  
( v e r t i c a l  p r o f i l e s  t h r o u g h  t h e  r e c o n s t r u c t e d  i m a g q  o f  l i n e  
s o u r c e s  u s i n g  t h e  p r o g r a m  l i s t  c u r v e  p r o v i d e d  w e r e  s e t  t o  
o b t a i n  d a t a  p o i n t s .  F o r  a c c u r a t e  c a l c u l a t i o n  o f  F W H M ,  t h e  
G a u s s i a n  f i l t e r i n g  p r o g r a m m e  w a s  u t i l i s e d .  T h e  r e s u l t s
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o b t a i n e d  ( f i g  4 . 9 )  s h o w e d  t h a t  a l t h o u g h  t h e  r e s o l u t i o n  
i m p r o v e s  a s  r a d i a l  d i s t a n c e  i n c r e a s e s  ( m a x i m u m  v a r i a t i o n  i s  
^ 8 % )  ,  i t  c a n  b e  c o n s i d e r e d  a l m o s t  c o n s t a n t ,  w i t h  r e s p e c t  t o  
t h e  s i z e  o f  e r r o r s  p r e s e n t .  H o w e v e r ,  i t  s h o u l d  b e  n o t e d  
t h a t  t h i s  e v a l u a t i o n  h a s  b e e n  a c h i e v e d  u n d e r  c e r t a i n  
c o n d i t i o n s  a n d  p a r a m e t e r s  ( e g .  6 4  p r o j e c t i o n ,  R a m p  H a n n i n g  
f i l t e r  a n d  l o w  e n e r g y  g e n e r a l ,  p u r p o s e  c o l l i m a t o r - L E G P )  a n d  
d i f f e r e n t  v a l u e s  f o r  F W H M  a r e  e x p e c t e d  i f  t h e  p a r a m e t e r s  
c h a n g e .
4 . 2 . 3 S  T H E  S Y S T E M  R E P R O D U C I B I L I T Y
T o  o b t a i n  r e a s o n a b l e  a c c u r a t e  q u a n t i t a t i v e  
i n f o r m a t i o n ,  i t  i s  n e c e s s a r y  t o  i n v e s t i g a t e  t h e  s y s t e m  
r e p r o d u c i b i l i t y  r e s p o n s e  f o r  s m a l l  d i s c r e t e  s o u r c e s  
( p h a n t o m s )  w h i c h  i s  m o r e  r e l e v a n t  i n  c l i n i c a l  c a s e s .  A s  a  
r e s u l t  t h e  r e p r o d u c i b i l i t y  o f  t h e  s y s t e m  f o r  ' h o t *  d i s c r e t e  
s o u r c e s  i n  a  u n i f o r m  b a c k g r o u n d  w i t h  r e s p e c t  t o  t h e  
l o c a t i o n ,  s i z e  a n d  c o n c e n t r a t i o n  o f  t h e  s o u r c e s  w a s  
i n v e s t i g a t e d .  T h e  R a m p - H a n n i n g  f i l t e r  a n d  a t t e n u a t i o n  
c o e f f i c i e n t  o f  0 . 0 8 / p i x e l  ( i . e .  p i x e l  =  6 . 8  m m )  w e r e  u s e d .
4 . 2 . 3 . 1 1  E F F E C T  O F  S O U R C E  L O C A T I O N
F o u r  s i m i l a r  p h a n t o m s  ( i . e .  2 5  m m  i n n e r  d i a m e t e r  a n d  
1 9 . 6  m l .  v o l u m e )  c o n t a i n i n g  s o l u t i o n  o f  T c - 9 9 m  ( i . e .  1 4 0 . 4  
K B q .  m l " 1 )  w e r e  p l a c e d  i n  a  u n i f o r m  c o n c e n t r a t i o n  b a c k g r o u n d  
( i . e .  2 8 . 6  K B q .  m l " 1 )  i n  t h e  b o d y  p h a n t o m  a t  d i f f e r e n t
r a d i a l  d i s t a n c e s  ( d = 0 ,  3 0  m m ,  6 0  m m ,  9 0  m m )  f r o m  t h e  c e n t r e  
o f  t h e  p h a n t o m .  A  t o m o g r a p h i c  a c q u i s i t i o n  o f  6 4  
p r o j e c t i o n s  o v e r  3  6 0 °  a n d  2 0 s  p e r  p r o j e c t i o n s  w a s  p e r f o r m e d .  
T h e  r e c o n s t r u c t e d  i m a g e  a n d  t h e  s t a r  p r o g r a m s  R O I  a n d
P R O F I L E  w e r e  u s e d  t o  a n a l y s e  t h e  d a t a ,  w h i c h  a r e  t a b u l a t e d  
i n  t a b l e  ( 4 . 1 ) ,  w h e r e :
C d i s  t h e  a v e r a g e  c o u n t  i n  t h e  r e g i o n  o f  i n t e r e s t ,  f o r  
( t h e  p h a n t o m s  a t  r a d i a l  d i s t a n c e  d ,  C b i s  t h ^  a v e r a g e
b a c k g r o u n d  c o u n t  =  ( 9 0 o ±  2 0 )  ,  C 90 i s  t h e  a v e r a g e  c o u n t  i n
t h e  r e g i o n  o f  i n t e r e s t  f o r  t h e  p h a n t o m  a t  t h e  r a d i a l
d i s t a n c e  o f  9 0  m m .  P D ,  p e r c e n t a g e  d e v i a t i o n ,  i s  d e f i n e d
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Fi g .  4.9 Spatial resolution as a function of radial distance.
— Ideal 
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F ig .  4 .8  Response of the gamma camera to the phantoms size and the phantoms activity
concentration.
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a s  ( ( C m- C e ) / C e ) x  1 0 0 %  w h e r e  C m a n d  C e a r e  m e a s u r e d  a n d  
e x p e c t e d  p i x e l s  c o u n t s .
U n i f o r m i t y  o f  r e s p o n s e  o f  t h e  s y s t e m  w i t h  r e s p e c t  t o  
t h e  s o u r c e s  l o c a t i o n  w a s  e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  
s o u r c e  c o u n t  a t  d  =  9 0  m m  ( c y c ^ )  .  T h e s e  v a l u e s  a n d  r e l a t e d  
f i g u r e  ( 4 . 1 0 . a )  r e v e a l e d  t h a t  a s  t h e  s o u r c e s  a p p r o a c h  t h e  
e d g e  o f  t h e  b o d y  p h a n t o m ,  e r r o r s  p r e s e n t  i n  t h e  c o u n t
m e a s u r e m e n t  w i l l  b e  r e d u c e d  ( e g .  t h e  a v e r a g e  c o u n t s  o f  t h e  
p h a n t o m  a t  t h e  c e n t r e  i s  > ^ 6 2 %  o f  t h e  c o u n t s  o f  t h e  p h a n t o m  
a t  t h e  e d g e ) .  T h e  r e p r o d u c i b i l i t y  o f  t h e  s y s t e m  w a s  a l s o  
a s s e s s e d  w i t h  r e s p e c t  t o  t h e  r a t i o  o f  t h e  s o u r c e s  t o  t h e  
b a c k g r o u n d ,  c y c ^ .  I f  i d e a l  q u a n t i t a t i o n  i s  p o s s i b l e  t h e n  
C d / C b  s h o u l d  b e  e q u a l  t o  1 5 1 w h i c h  i s  r a t i o  o f  s o u r c e
a c t i v i t y  t o  b a c k g r o u n d  a c t i v i t y  c o n c e n t r a t i o n .  T h i s  i s  
s e e n  ( f i g .  4 . 1 0 . b )  t o  b e  a c h i e v a b l e  o n l y  f o r  t h e  s o u r c e  
c l o s e r  t o  t h e  e d g e  ( e g .  D  =  9 0  m m ,  b e c a u s e  o f  p h a n t o m s  
d e s i g n ,  i t  w a s  n o t  p o s s i b l e  t o  p l a c e  t h e  s o u r c e  c l o s e r  a t
1 0 0  m m )  .  T h e  p e r c e n t a g e  d e v i a t i o n  ( P D )  w a s  a l s o
c a l c u l a t e d ,  w h e r e  e x p e c t e d  p i x e l  c o u n t  ( C e )  w a s  o b t a i n e d  
u s i n g  a  c a l i b r a t i o n  f a c t o r  ( i . e .  1 . 8  C . m i n ‘ 1K B q ‘ 1 . m l ' 1 )  .
T h e s e  v a l u e s  t o g e t h e r  w i t h  t h o s e  o f  i n d i c a t e ,  s t r o n g
d e p e n d e n c e  o f  q u a n t i t a t i v e  r e p r o d u c i b i l i t y  o f  t h e  s y s t e m  t o  
t h e  s o u r c e  l o c a t i o n .  T h e  m a j o r  c a u s e s  f o r  i n a c c u r a t e  
r e s p o n s e  a r e  l i k e l y  t o  b e  t h e  a t t e n u a t i o n  c o r r e c t i o n  w h i c h  
f a i l s  t o  p r o d u c e  a  u n i f o r m  r e s p o n s e  t h r o u g h o u t  t h e  
r e c o n s t r u c t e d  s l i c e .
4 . 2 . 3 . 2 1  E F F E C T  O F  S O U R C E  S I Z E  A N D  S O U R C E  T O  B A C K G R O U N D  
C O N C E N T R A T I O N  R A T I O
A s  i n  t h e  p r e v i o u s  s e c t i o n  a  f i x e d  s o u r c e  ( p h a n t o m )  
s i z e  w a s  u s e d  t o  e n s u r e  t h a t  n o  s o u r c e - s i z e  e f f e c t s  c o u l d  
i n f l u e n c e  t h e  i n v e s t i g a t i o n ,  i n  t h i s  s e c t i o n  o n  t h e  
c o n t r a r y ,  t h e  s o u r c e s  o f  v a r i a b l e  s i z e ,  b u t  w i t h  t h e  s a m e  
r a d i a l  d i s t a n c e  ( 6 0  m m )  w a s  u s e d  f o r  f u r t h e r  s u p p l e m e n t a r y  
i n v e s t i g a t i o n .  F o u r  s o u r c e s  o f  2 0  m m ,  2 5  m m ,  3 0  i p i  a n d  4 0  
m m  i n n e r  d i a m e t e r  a n d  c o n t a i n i n g  u n i f o r m  s o l u t i o n  o f  T c ~  
9 9 m  ( 1 3 5 . 6 K B q .  m l ’ 1 ) w e r e  p l a c e d  i n t o  t h e  b o d y  p h a n t o m  a n d  
f i l l e d  w i t h  t h e  s a m e  r a d i o a c t i v e  s o l u t i o n  ( 2 7 . 5  K B q .  m l ' 1 ) .
6 0
X101
1 '■ ''IT' ' ' I > I ' H I I j I ' I I I
2 4 6
R a d i a l  a i s t a n c e - m m
F ig .  4 . 1 0  Reproducibility response of the system to the source location.
d
(mm)
Cd Cd/Cb PD in
count-rate
PD in 
cd 7Cb
Cd/C90
%
0 2705±201 2.7±0.1 -45 -46 62±2
30 2501±80 2.5±0.1 -50 -50 57±2
60 2642±110 2.6±0.1 -47 -48 61 ±2
90 4350±160 4.4±0.1 -12 -12 100±3
BG “ “ -10 - -
T a b l e  4 . 1
6 1
A  t o m o g r a p h i c  a c q u i s i t i o n  w i t h  t h e  s a m e  p a r a m e t e r  ( 6 4  
p r o j e c t i o n ,  2 0 s  p e r  p r o j e c t i o n )  w a s  o b t a i n e d .  T h e  a n a l y s e d  
r e s u l t s  ( t a b l e  4 . 2 )  s h o w e d  t h a t  a s  t h e  s o u r c e  s i z e  
i n c r e a s e s  t h e  n e a r e r  t h e  C s/ C b r a t i o  i s  t o  t h e  e x p e c t e d  
r a t i o  ' 4 . 9 '  ( f i g .  4 . 1 1 ) .  T h e  P D  a l s o  r e d u c e s  a s  t h e  s o u r c e  
s i z e  i n c r e a s e s  a n d  t h e  c a l c u l a t e d  v a l u e  f o r  t h e  2 5  m m  
s o u r c e  c o m p a r e s  w e l l  w i t h  t h e  v a l u e  o b t a i n e d  i n  t h e  
p r e v i o u s  s e c t i o n  ( t a b l e  4 . 1 ) .  T h e  l a r g e s t  d i s c r e p a n c y  i n  
a c t i v i t y  w a s  o b t a i n e d  f o r  t h e  s m a l l e s t  s o u r c e  s i z e ,  5 5 %  
b e l o w  t h e  e x p e c t e d  v a l u e  w h i c h  c o u l d  b e  e x p l a i n e d ,  s i n c e  
t h e  s o u r c e  s i z e  i s  n e a r  t h e  l i m i t  o f  t h e  s y s t e m  r e s o l u t i o n .  
T h e  r e s u l t s  c l e a r l y  i n d i c a t e  t h e  c o n s i d e r a b l e  e f f e c t  o f  
s o u r c e  s i z e  o n  t h e  s y s t e m ’ s  c a p a b i l i t y  o f  r e p r o d u c i n g  
s o u r c e  a c t i v i t y .
F u r t h e r  s t u d i e s  w e r e  c a r r i e d  o u t  t o  i n v e s t i g a t e  t h e  
r e s p o n s e  o f  t h e  s y s t e m  t o  t h e  v a r i a b l e  s o u r c e  t o  b a c k g r o u n d  
c o n c e n t r a t i o n ,  w h e r e  s o u r c e  s i z e  a n d  r a d i a l  d i s t a n c e  a r e  
k e p t  f i x e d .  F i v e  s o u r c e s  o f  i d e n t i c a l  s i z e  ( 2 5  m m  I . D . )  
p o s i t i o n e d  i n  t h e  b o d y  p h a n t o m  ( 6 0  m m  r a d i a l  d i s t a n c e  f r o m  
t h e  c e n t r e  o f  t h e  p h a n t o m ) .  T h e  r a n g e  o f  t h e  r a t i o  o f  t h e  
s o u r c e  a c t i v i t y  t o  b a c k g r o u n d  w a s  0  t o & .  A  t o m o g r a p h i c  
i m a g e  w i t h  t h e  s a m e  p a r a m e t e r s  a s  b e f o r e  w a s  o b t a i n e d .  
T h e  r e s u l t s  w e r e  a n a l y s e d  t o  c a l c u l a t e  t h e  r a t i o  o f  C s/ C b 
( t a b l e  4 . 3 ) .  T h e  f i g u r e  ( 4 . 1 2 )  s h o w s  t h e  c a l c u l a t e d  c o u n t  
r a t i o  v e r s u s  a c t i v i t y  c o n c e n t r a t e d  r a t i o  ( s / b ) .  F o r  a n  
i d e a l  s y s t e m ,  t h e  s l o p e  o f  t h e  p l o t  s h o u l d  b e  ' l f a n d  p a s s  
t h r o u g h  t h e  o r i g i n  w h e r e a s ,  h e r e  t h e  s l o p e  i s  0 . 5 8  ±  0 . 0 5  
a n d  w h i l s t  t h e r e  i s  a  l i n e a r  i n c r e a s e  i n  C s / C b w i t h  s / b ,  t h e  
i n c r e a s e  i s  i n s u f f i c i e n t  t o  r e p r o d u c e ,  a c c u r a t e l y ,  
v a r i a t i o n  i n  S / b .  F o r  z e r o  a c t i v i t y  s o u r c e ,  t h e  a v e r a g e  
c o u n t  i s  n o t  z e r o  a s  s h o u l d  b e  e x p e c t e d  b u t  i n d i c a t e s  t h e  
r a t i o  o f  C s/ C b =  0 . 3 3 1 0 2  w h i c h  c a n  b e  e x p l a i n e d  b y
c o n t r i b u t i o n  o f  t h e  s c a t t e r e d  p h o t o n s  f r o m  t h e  s u r r o u n d i n g  
m e d i u m .
F r o m  p r e v i o u s  m e a s u r e m e n t  i t  w a s  o b s e r v e d  t h a t  t h e  P D  
e x p e c t e d  i n  C s/ C b i s  r e p r o d u c i b l e .  T h i s  a s s u m p t i o n  w a s  
a c c e p t e d  i n  o r d e r  t o  a c h i e v e  a  c o r r e c t i o n  f a c t o r  w i t h  
r e s p e c t  t o  t h e  s a m e  s o u r c e  s i z e  ( i . e .  0 . 5 5 ) .  T h i s  v a l u e
w a s  t h e n  a p p l i e d  t o  t h e  C s / C b r a t i o  t o  c a l c u l a t e  t h e
6 2
I Inner Dia. 
(mm)
Cs/Cb PD in PD in
count-rate cs/ cb
20 2340 2.5±0.1 -55 -49
25 2590 2.8+0.1 -50 -43
30 3660 4.0±0.1 -30 -19
40 4050 4.4±0.1 -22 -11
T a b le  4 .2  C - Average source count per pixel
Cb - Average background count per pixel = <920±190) c.pixel'1
F i g .  4 . 1 1  Variation of (Cg/Cb) with respect to the sources size.
-E x p e c te d
S o u r c e  Q ia m e te r  — mm
( c s / c b ) *  =  ( C s/ C b ) / 0 . 5 5
T h e  f i g u r e  ( 4 . 1 2 )  a l s o  s h o w s  t h e  p l o t  o f  c o r r e c t e d  d a t a  
v e r s u s  t h e  r a t i o  ( s / b )  a n d  i t  c a n  b e  s e e n  t h a t  t h e  
c o r r e c t e d  v a l u e s  a r e  m u c h  c l o s e r  t o  t h e  e x p e c t e d  i d e a l  
r a t i o  c o n s i d e r i n g  t h e  e r r o r s  p r e s e n t .  T h e  s l o p e  w a s  
c a l c u l a t e d  t o  b e  0 . 8 9 ± 0 . 0 8  w i t h  i n t e r c e p t  o f  0 . 3 8 .
F r o m  t h e  r e s u l t s  o b t a i n e d  a n d  t h e  a n a l y s e d  d a t a ,  i t  
w a s  u n d e r s t o o d  t h a t  t h e  r e l a t i v e  u p t a k e  o f  r a d i o a c t i v i t y  
i n  a  s o u r c e  a r e  c l o s e r  t o  t h e  e x p e c t e d  v a l u e  t h a n  e s t i m a t e s  
o f  a b s o l u t e  a c t i v i t y .  T h i s  c a n  b e  e x p l a i n e d  b y  t h e  s m a l l e r  
p e r c e n t a g e  d e v i a t i o n  i n  C s/ C b t h a n  s / b .  T h e  r e s u l t s  a l s o  
s h o w e d  t h a t ,  i t  i s  p o s s i b l e  t o  a c h i e v e  r e p r o d u c i b l e  r e s u l t s  
w i t h i n  ± 5 % ,  a s  f a r  a s  d e t e r m i n a t i o n  o f  t h e  r e l a t i v e  
c o n c e n t r a t i o n  i s  c o n c e r n e d ,  i f  t h e  s i z e  a n d  t h e  l o c a t i o n  o f  
a  d i s c r e t e  s o u r c e  a r e  t o  b e  k n o w n  q u a n t i t i e s  w i t h  t h e  
a c c u r a c y  o f ^ ± 4 % .
4 . 2 . 4 s  T H E  P H A N T O M S  E M P L O Y E D
F o r  t h e  p u r p o s e  o f  c a r r y i n g  o u t  t h e  a b o v e  e x p e r i m e n t s  
s e v e r a l  p h a n t o m s  w e r e  d e s i g n e d  a n d  u s e d .  O n e  w a s  t h e  b o d y  
p h a n t o m  m a d e  o f  p e r s p e x  ( 2 1 0  m m  I . D .  a n d  1 8 0  m m  h e i g h t )  a n d  
a n o t h e r  w a s  a  c l y i n d r i c a l  p e r s p e x  p h a n t o m  ( 1 2 5  m m  I.D. a n d  
1 1 0  m m  h e i g h t ) .  I n  o r d e r  t o  p l a c e  t h e  h o t  s o u r c e s  a n d  c o l d  
s o u r c e s  i n s i d e  t h e  p h a n t o m s ,  t w o  b a s e  p l a t e s  m a d e  o f  
p e r s p e x  w e r e  a l s o  d e s i g n e d .  F i g u r e  ( 4 . 1 3 )  s h o w s  t h e  r a n g e  
o f  t h e  p h a n t o m s  w h i c h  h a v e  b e e n  e m p l o y e d  f o r  e x p e r i m e n t a l  
s t u d i e s .  D u r i n g  t h i s  s t u d y  t h e  r a d i o n u c l i d e  T c - 9 9 m  w a s  
u s e d  t o  a  l a r g e  e x t e n t ,  b e c a u s e  o f  a v a i l a b i l i t y ,  m o d e r a t e  
g a m m a  r a y  e n e r g y ,  1 4 0 . 5  K e V ,  a n d  r e a s o n a b l e  h a l f - l i f e  f o r  
d i a g n o s t i c  p u r p o s e s  ( 6 . 0 2 h ) .  T h e  G d - 1 5 3  p o i n t  s o u r c e  o f  
p r e s e n t  a c t i v i t y ,  2 4 7 . 9  M B q  w a s  a l s o  u s e d  f o r  t r a n s m i s s i o n  
s t u d i e s .  ,
c o r r e c t e d  ( C s / C b * )  r a t i o  a s :
6 4
C
s
/C
b
Source to BG concentration Cg 
ratio - s/b
0 191±19 0.33±0.02 0.33±0.02
2.36 870±49 1.51±0.1 2.73±0.2
4.24 1690±63 2.90±0.1 5.30±0.2
6.80 2490±71 4.20+0.2 7.60±0.4
9.10 3210+97 5.50±0.2 10.0±0.5
Cs/Cb - Corrected count ratio
Cb - Average background count per pixel = (580±31) c.pixel"1
T a b le  4 .3
12
S /b
4 . 12 Comparison of Cs/Cfa and Cg/*Cb with respect to s/b.
I
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CH APTE R  5
S C A T T E R I N G  A N D  E X P E R I M E N T A L L Y  E V A L U A T E D  P R O C E D U R E S  
B o l t  R O L E  O F  S C A T T E R I N G  I N  M E D I C A L  I M A G I N G
A l t h o u g h  o n e  o f  t h e  u l t i m a t e  a i m s  o f  S P E C T  i s  t o  
p r o v i d e  q u a n t i t a t i v e l y  i n f o r m a t i o n  c o n c e r n i n g  t h e  
r a d i o n u c l i d e  d i s t r i b u t i o n  i n  t h e  o b j e c t  s c a n n e d ,  i t  i s  
e s s e n t i a l  t o  r e a l i s e  t h a t  m u c h  o f  t h e  d i a g n o s t i c  
i n f o r m a t i o n  i n  n u c l e a r  m e d i c i n e  i m a g i n g  i s  g a i n e d  f r o m  
v i s u a l  e x a m i n a t i o n  o f  t h e  i m a g e s .
Q u a l i t a t i v e l y ,  t h e  p r e s e n c e  o f  s c a t t e r e d  p h o t o n s  
c a u s e s  l o s s  o f  c o n t r a s t ,  w h i c h  a p p e a r s  a s  a  b l u r r i n g  o f  t h e  
i m a g e  a n d  q u a n t i t a t i v e l y ,  s c a t t e r i n g  i n t r o d u c e s  a n  i n c r e a s e  
i n  t h e  a p p a r e n t  a c t i v i t y  i n  b o t h  h o t  a n d  c o l d  ( p h o t o n  
d e f i c i e n t )  r e g i o n s .  P r i n c i p a l l y ,  t h e  t y p e  o f  p h o t o n s  t h a t  
r e d u c e  t h e  q u a l i t y  o f  t h e  d a t a  ( i e .  i m a g e )  a r e  s c a t t e r e d  
p h o t o n s  w h i c h  a r e  r e c o r d e d  a s  p r i m a r y  p h o t o n s .  T h i s  o c c u r s  
i n  m o s t  c o n v e n t i o n a l  i m a g i n g  s y s t e m s .  I t  i s  p o s s i b l e  t o  
d i s c r i m i n a t e  t o  a  c e r t a i n  e x t e n t  a g a i n s t  i n c o h e r e n t l y  
s c a t t e r e d  p h o t o n s  b y  m e a n s  o f  p u l s e  h e i g h t  a n a l y s i s ,  
b e c a u s e  a l t h o u g h  C o m p t o n  s c a t t e r e d  p h o t o n s  l o s e  e n e r g y  w i t h  
e a c h  s u c c e s s i v e  s c a t t e r i n g  e v e n t  b u t  t h e  e n e r g y  l o s s  i s  
n o t  l a r g e  e n o u g h  t o  a l l o w  d i s c r i m i n a t i o n  o f  a l l  s c a t t e r e d  
e v e n t s  ( e g .  T h e  1 4 0  K e V  p h o t o n  e m i t t e d  b y  T c - 9 9 m , o n l y  l o s e s  
1 0  ' K e V ,  w h e n  s c a t t e r e d  t h r o u g h  4 5 °  a n d  c o u l d  s t i l l  b e  
d e t e c t e d  i n  a n  1 8 %  ( ±  9 % )  e n e r g y  w i n d o w ,  ( f i g  5 . 1 ) .
F i g u r e  ( 5 * 1 )  i n d i c a t e s  t h a t  t h e r e  s h o u l d  b e  a  
s i g n i f i c a n t  p o p u l a t i o n  o f  s c a t t e r e d  p h o t o n s  a t  e n e r g i e s  
n e a r  t h e  p r i m a r y  e n e r g y ,  ( i e .  1 4 0  K e V ) ,  t h e  e f f e c t  o f  w h i c h  
w o u l d  b e  t o  i n c r e a s e  t h e  m e a n - f r e e  p a t h ,  a n d  r e d u c e  t h e  
e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t .
T o  e x a m i n e  t h e  e f f e c t  o f  s c a t t e r e d  p h o t o n s  o n  a c q u i r e d  
d a t a  t h e  i m a g e  o f  a  p o i n t  s o u r c e  i n  a i r  i s  o f t e n  c o m p a r e d  
( w i t h  t h a t  o f  a  p o i n t  i n  a  s c a t t e r i n g  m e d i u m  f i g u x p e  ( 5 . 2 )  . 
C h a n g e s  i n  t h e  f u l l  w i d t h  a t  h a l f  m a x i m u m  ( F W H M )  i s  s l i g h t ,  
b u t  a  g r e a t e r  d i f f e r e n c e  i s  s e e n  i n  t h e  f u l l  w i d t h  a t  t e n t h  
m a x i m u m  ( F W T M )  a n d  i t  i s  t h e r e f o r e  t e m p t i n g  t o  s u g g e s t  t h a t
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s c a t t e r  r e m o v a l  c o u l d  b e  e f f e c t e d  s i m p l y  b y  s u b t r a c t i n g  a  
c o n s t a n t  b a c k g r o u n d  l e v e l  f r o m  t h e  d a t a .  W h i l e  t h i s  
s u b t r a c t i o n  w o u l d  t e n d  t o  r e m o v e  t h e  s i d e  t a i l s  f r o m  t h e  
p o i n t  s p r e a d  f u n c t i o n  ( P S F )  i t  w o u l d  n o t  a f f e c t  t h e  s c a t t e r  
p e a k  t h a t  i s  a  p a r t  o f  t h e  f u l l  p o i n t  s o u r c e  r e s p o n s e .  
T h i s  i n e f f e c t i v e n e s s  o f  b a c k g r o u n d  s u b t r a c t i o n  w a s  
d e m o n s t r a t e d  b y  n o t i n g  t h a t ,  w h e n  o n l y  t h e  s c a t t e r e d  d a t a  
a r e  r e c o n s t r u c t e d ,  a n  i m a g e  s i m i l a r  t o  t h e  p h o t o p e a k  i m a g e  
i s  s e e n  a n d  i s  n o t  a  u n i f o r m  d i s t r i b u t i o n  s p r e a d  a c r o s s  t h e  
i m a g e  ( P A N  7 9 ) .
T h e  e f f e c t  o n  r e s o l u t i o n  o f  s c a t t e r e d  p h o t o n s  i n  t h e  
a c q u i r e d  d a t a  c a n  b e  i l l u s t r a t e d  b y  e x a m i n i n g  t h e  c h a n g e  
i n  t h e  m o d u l a t i o n  t r a n s f e r  f u n c t i o n  ( M T F )  t h a t  o c c u r s  w h e n  
a  s c a t t e r i n g  m e d i u m  i s  p r e s e n t .  T h e  M T F  i s  a  m e a s u r e  o f  
t h e  e f f i c i e n c y  o f  t r a n s f e r r i n g  t h e  o b j e c t  m o d u l a t i o n  o f  a  
d i s t r i b u t i o n  t o  a n  o b s e r v e d  m o d u l a t i o n  i n  t h e  i m a g e .  I t  i s  
a  f u n c t i o n  o f  s p a t i a l  f r e q u e n c y  a n d  c a n  b e  e x p r e s s e d  a s  t h e  
n o r m a l i s e d  F o u r i e r  t r a n s f o r m  ( F T )  o f  a  p l a n a r  v i e w  o f  a  
p o i n t  s o u r c e .  T h e  l o s s  o f  e f f i c i e n c y  o f  M T F  c a u s e d  b y  
s c a t t e r e d  r a d i a t i o n  r e d u c e s  c o n t r a s t  a n d  r e s o l u t i o n  i n  
i m a g e s  o f  s o u r c e  d i s t r i b u t i o n s  c o n t a i n e d  i n  a  s c a t t e r i n g  
m e d i u m .
A  s t u d y  w a s  u n d e r t a k e n  b y  F l o y d  ( F L O  8 4 )  t o  
i n v e s t i g a t e  t h e  s p a t i a l  p r o j e c t i o n  a n d  e n e r g y  d i s t r i b u t i o n  
o f  C o m p t o n  s c a t t e r e d  p h o t o n s  i n  g a m m a - c a m e r a  b a s e d  S P E C T  
w i t h  d i s c r i m i n a t i o n  b e t w e e n  t h o s e  p h o t o n s  t h a t  s c a t t e r  u p  
t o  s e v e n  t i m e s  b e f o r e  d e t e c t i o n .  S i n c e  t h e  s c a t t e r  
f r a c t i o n  ( i e .  r a t i o  o f  s c a t t e r e d  c o u n t s  t o  t o t a l  c o u n t s )  
d e p e n d s  o n  t h e  d e p t h  o f  t h e  s o u r c e  i n  t h e  s c a t t e r i n g  
m e d i u m ,  c h a r a c t e r i s a t i o n  o f  s c a t t e r  i n  S P E C T  c a n  b e  
c o m p l i c a t e d  i f  t h e  s o u r c e  i s  l o c a t e d  o f f - a x i s ,  i f  t h e  
s o u r c e  i s  e x t e n d e d , o r  i f  t h e  s o u r c e  i s  l o c a t e d  i n  a  n o n -  
u n i f o r m  s c a t t e r i n g  m e d i u m .  T h e  s t u d y  b y  F l o y d  w a s  c a r r i e d  
o u t  f o r  a  l i n e  s o u r c e  i n  a  u n i f o r m  c y l i n d r i c a l  w a t e r  
p h a n t o m  ( 2 2 0  m m  D ,  2 7 0  m m  h )  a t  t w o  d i f f e r e n t  l o c a t i o n s  
, , ( i e .  o n - a x i s  a n d  o f f  a x i s ) .  T h e  r e s u l t s  r e v e a l e d ,  t h a t :  
t h e r e  a r e  c o n t r i b u t i o n s  f r o m  u p  t o  s e c o n d  o r d e r  s c a t t e r i n g  
u n d e r  t h e  n o n - s c a t t e r e d  p h o t o p e a k .
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F i g .  5 . X  Scattering cross-section versus energy of scattered photon for 140 KeV
photons (Redrawn from Nelms, 1973).
m m
F ig .  5 .2  Schematic representation of the response of the imaging syptem to a
point source in air and in water (Redrawn from Beck, 1969).
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A  n a r r o w  s y m m e t r i c  w i n d o w  ( ± 9 K e v f o r  1 4 0  K e V )  c a n  b e  s e t  t o  
e x c l u d e  m o s t  o f  t h e  t h i r d  a n d  h i g h e r  o r d e r  s c a t t e r e d  e v e n t s  
a t  t h e  c o s t  o f  e x c l u d i n g  t h e  n o n - s c a t t e r e d  p h o t o n s .  E v e n  
a  n o n - s y m m e t r i c  w i n d o w  w i l l  n o t  e x c l u d e  p h o t o n s  w h i c h  h a v e  
s c a t t e r e d  o n c e ,  w h e n  u s i n g  a  s c i n t i l l a t i o n  d e t e c t o r .  A l s o ,  
i n  S P E C T  i m a g i n g ,  a c t i v i t y  i n  t h e  c e n t r e  o f  a  m e d i u m  w i l l  
c o n t r i b u t e  m o r e  s c a t t e r  t h a n  a c t i v i t y  n e a r  t h e  e d g e s .  
H o w e v e r ,  t h e  a v e r a g e d  r e s u l t s  ( i e .  o n - a x i s  a n d  o f f - a x i s )  
g a v e  a  v a l u e  o f  0 . 3 5  ( 3 5 % )  f o r  t h e  s c a t t e r  f u n c t i o n ,
a l t h o u g h ,  t h i s  v a l u e  w a s  u n d e r e s t i m a t e d  a s  a  r e s u l t  o f  a  
M o n t e  C a r l o  p r o g r a m m i n g  e r r o r  (  m a n  8 7 )  . A  s i m i l a r  a p p r o a c h  
w a s  u s e d  b y  t h e  a u t h o r  t o  d e t e r m i n e  t h e  v a l u e  o f  3c ( s c a t t e r  
f r a c t i o n )  f o r  t h e  g a m m a - c a m e r a  b a s e d  S P E C T .
T h r e e  d i s t i n c t  a p p r o a c h e s  h a v e  g e n e r a l l y  b e e n  u s e d  f o r  
s c a t t e r  c o r r e c t i o n  i n  S P E C T  a n d  t h e s e  c a n  b e  i d e n t i f i e d  a s :
5 . 1 . 1 :  EFFECTIVE ATTENUATION COEFFICIENT
T h e  t r u e  a t t e n u a t i o n  c o e f f i c i e n t  f o r  t h e  1 4 0  K e V
p h o t o n s  o f  T c - 9 9 m  i n  w a t e r  i s  0 . 1 5  c m " 1 .  I f  t h i s  v a l u e  i s  
u s e d  f o r  a t t e n u a t i o n  c o r r e c t i o n  i n  a  r e c o n s t r u c t e d  c r o s s -  
s e c t i o n  o f  a  l a r g e  p h a n t o m  f i l l e d  w i t h  T c - 9 9 m ,  t h e
r a d i o a c t i v i t y  i n  t h e  p h a n t o m  w i l l  " b u l g e "  f r o m  t h e  e d g e  t o  
t h e  c e n t r e .  T h i s  e x c e s s  r a d i o a c t i v i t y  r e p r e s e n t s  t h e
d e t e c t e d  C o m p t o n  s c a t t e r .  I f  a  s m a l l e r  v a l u e  f o r
a t t e n u a t i o n  c o e f f i c i e n t  i s  u s e d ,  t h e n  o n e  c a n  u n d e r c o r r e c t  
f o r  a t t e n u a t i o n  i n  s u c h  a  m a n n e r  t h a n  t h e  " d i p "  d u e  t o  t h e  
r e m a i n i n g  a t t e n u a t i o n  e f f e c t  j u s t  o f f s e t s  t h e  b u l g e  d u e  t o  
t h e  s c a t t e r ,  r e s u l t i n g  i n  a  u n i f o r m  r a d i o a c t i v i t y  
d i s t r i b u t i o n  i n  t h e  r e c o n s t r u c t e d  i m a g e .  T h i s  i s  a  c r u d e  
a p p r o a c h ,  s i n c e  i t  d o e s  n o t  s o l v e  t h e  p r o b l e m  o f  l o s s  o f  
c o n t r a s t  a n d  e d g e  s h a r p n e s s  c a u s e d  b y  s c a t t e r ,  b u t  i s  o f t e n  
u s e d  i n  m o s t  c l i n i c a l  s t u d i e s  i n  w h i c h  s o m e  k i n d  o f  
a t t e n u a t i o n  c o r r e c t i o n  i s  c a r r i e d  o u t  ( f i g .  5 . 3 ) .
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Cg = mean counts on edge
C = mean counts on centre c
S = Cc/C S(b) = 0.94±0.3 S(a) = 0.91±0.3 t c
F ig .  5 .3  Comparison of two transaxial images, uniform phantoms
(a) - No scatter correction, Heff - 0.15 cm 1
(b) - Scatter correction, Meff = 0.12 cm 1
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5 . 1 . 2 :  THE WINDOW SUBTRACTION TECHNIQUE AND THE
EXPERIMENTALLY DETERMINED SCATTER FRACTION (K)
T h i s  a p p r o a c h ,  a t t e m p t s  t o  m e a s u r e  t h e  s c a t t e r  
c o m p o n e n t  d i r e c t l y  a s  t h e  p h o t o p e a k  d a t a  i s  a c q u i r e d .  T h i s  
i s  d o n e  b y  c o l l e c t i n g  a  s e p a r a t e  i m a g e  ( o r  d a t a )  i n  a  
s c a t t e r  w i n d o w  ( i . e .  d i r e c t l y  b e l o w  t h e  p h o t o p e a k  w i n d o w )  
a t  t h e  s a m e  t i m e  t h a t  a n  i m a g e  i s  b e i n g  c o l l e c t e d  i n  t h e  
p r i m a r y  ( i . e .  p h o t o p e a k )  w i n d o w .  T h i s  m e t h o d  i s  b a s e d  o n  
t h e  a s s u m p t i o n  t h a t  t h e  e v e n t s  d e t e c t e d  i n  t h e  s c a t t e r  
w i n d o w  a r e  r e l a t e d  t o  t h e  s c a t t e r  c o m p o n e n t  o f  t h e  e v e n t s  
d e t e c t e d  i n  t h e  p h o t o p e a k  w i n d o w  b y  a  c o n s t a n t  f a c t o r  ( k ) .  
T h i s  a p p r o a c h  t h e n  c o n s i s t s  o f  s u b t r a c t i n g  t h e  f r a c t i o n ,  k ,  
o f  t h e  i m a g e  f 2 ( x , y )  r e c o n s t r u c t e d  u s i n g  e v e n t s  r e c o r d e d  i n  
t h e  l o w e r  w i n d o w  ( i . e .  s c a t t e r  w i n d o w )  f r o m  t h e  i m a g e  f 1 
( x , y )  r e c o n s t r u c t e d  u s i n g  e v e n t s  r e c o r d e d  i n  t h e  u p p e r  
w i n d o w  ( i . e  p h o t o p e a k  w i n d o w ) ,  t o  p r o d u c e  t h e  c o m p e n s a t e d  
i m a g e  ( S A N  8 4 ,  J A S  8 4 ) .
f ( x , y )  =  f ,  ( x , y )  -  k . f 2 ( x , y )  ( 5 . 1 )
E m p i r i c a l  d e r i v a t i o n  a n d  M o n t e  C a r l o  s i m u l a t i o n  
r e s u l t e d  i n  a  v a l u e  o f  / /  0 . 5  f o r  t h e  p a r a m e t e r  k .  S i n c e  
t h e  s c a t t e r  f r a c t i o n  ( k )  i s  a  f u n c t i o n  o f  t h e  s o u r c e  
g e o m e t r y ,  a b s o r b i n g  m e d i u m ,  c a m e r a  d e s i g n  a n d  o p e r a t i o n ,  a  
s t u d y  w a s  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  v a l u e  o f  k  i n  t h e  
f o l l o w i n g  p r o c e d u r e :
A  l i n e  s o u r c e  o f  1 0 0  m m  l e n g t h  a n d  2  m m  i n n e r  
d i a m e t e r ,  c o n t a i n i n g  1 0 0  M B q  o f  T c - 9 9 m  w a s  p o s i t i o n e d  i n  
t h e  c e n t r e  o f  t h e  c y l i n d r i c a l  p h a n t o m  ( 2 2 0  m m  d i a m e t e r  x  
1 7 0  m m  h e i g h t )  p a r a l l e l  t o  t h e  a x i s  o f  r o t a t i o n  o f  t h e  
g a m m a  c a m e r a .  S i x t y  f o u r  v i e w s  o f  1 2 8  x  1 2 8  d a t a  p o i n t s ,  
w i t h  2 O S  c o l l e c t i o n  t i m e  p e r  v i e w  w e r e  o b t a i n e d  f o r :
I  T h e  l i n e  s o u r c e  i n  t h e  p h a n t o m ,  c o n t a i n i n g  n o
w a t e r  ( i e .  a i r )  a t  w i n d o w  ( 1 2 5 - 1 6 1  K e V ) .
, I I  T h e  l i n e  s o u r c e  i n  t h e  w a t e r  f i l l e d  p h a n t o m  a t
. >  
w i n d o w  ( 1 2 5 - 1 6 1  K e V )  a n d  ( 8 2 - 1 2 3  K e V )  f o r
p h o t o p e a k  a n d  s c a t t e r i n g  e v e n t s  r e s p e c t i v e l y .
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P r o j e c t i o n  d a t a  w e r e  r e c o n s t r u c t e d  i n t o  t r a n s a x i a l  i m a g e s  
b y  f i l t e r e d  b a c k  p r o j e c t i o n  u s i n g  a  H a n n i n g  w i n d o w  w i t h  c u t
h i s t o g r a m s  w e r e  o b t a i n e d  f r o m  r e c o n s t r u c t e d  i m a g e s  ( f i g .
I n  o r d e r  t o  d e t e r m i n e  t h e  k - f a c t o r ,  t h e  i n t e g r a l  o f  
t h e  c o u n t s  f o r  t h e  p a r t  o f  t h e  h i s t o g r a m s  ( i . e .  t a i l s )  
w h i c h  a r e  a t t r i b u t e d  t o  s c a t t e r i n g  w e r e  o b t a i n e d .  T h e  a r e a  
o f  t a i l  r e g i o n s  o f  t h e  h i s t o g r a m s  w h e r e  t h e  c o u n t s  w e r e  
a d d e d  a r e  t h e  s a m e  f o r  t h e  s c a t t e r  m e d i u m  ( w a t e r )  a n d  n o n ­
s c a t t e r  m e d i u m  ( a i r ) .
I f  A a ,  P m a n d  S m r e p r e s e n t  t h e  c o u n t s  i n  a i r  a t  w i n d o w  
( 1 2 5 - 1 6 1  K e V ) ,  i n  t h e  s c a t t e r  m e d i u m  ( w a t e r - f i l l e d  
c y l i n d r i c a l  p h a n t o m )  a t  w i n d o w s  ( 1 2 5 - 1 6 1  K e V )  a n d  ( 8 2 - 1 2 3  
K e V )  r e s p e c t i v e l y ,  t h e n :
T a b l e  ( 5 . 1 )  g i v e s  t h e  k  -  f a c t o r  f o r  d i f f e r e n t  p r o f i l e s .
A s  c a n  b e  s e e n ,  k  v a r i e s  f o r  d i f f e r e n t  p r o f i l e s  a n d  i t
w o u l d  b e  a p p r o p r i a t e  t o  c o m p e n s a t e  f o r  s c a t t e r i n g  b y  u s i n g  
a n  a v e r a g e  v a l u e  o f  k .  F i g u r e  ( 5 . 5 )  s h o w s  t r a n s a x i a l
i m a g e s  o f  t h r e e  c o l d  p h a n t o m s ,  2 0  m m ,  2 5  m m ,  3 6  m m
d i a m e t e r ,  i n s e r t e d  i n  a  h o t  b o d y  p h a n t o m  ( i . e .  2 2 0  m m
d i a m e t e r  a n d  c o n t a i n i n g  s o l u t i o n  o f  T c - 9 9 m ,  w i t h  s p e c i f i c  
a c t i v i t y  o f  4 4 . 3  K B q  m l " 1 )  w i t h o u t  a n d  w i t h  s c a t t e r
c o r r e c t i o n .  c a l c u l a t e d  i m a g e  c o n t r a s t  f o r  c o l d  s p o t s ,  d  
( i e .  d  s= 1 - h ,  w h e r e  h  i s  t h e  m i n i m u m  t o  t h e  m e a n  b a c k g r o u n d  
c o u n t s )  r e v e a l e d  t h e  i m p r o v e d  v a l u e  o f  c o n t r a s t ,  w h e r e a s  
m o t t l e ,  M  ( i e .  r a t i o  o f  s t a n d a r d  d e v i a t i o n  o f  p i x e l  v a l u e s  
i n  t h e  r e g i o n  o f  i n t e r e s t  t o  t h e  m e a n  v a l u e  i n  t h e
b a c k g r o u n d ,  B G )  i n c r e a s e d  s l i g h t l y .  T h e  e f f e c t  o f  t h e
s c a t t e r  c o r r e c t i o n  t e c h n i q u e  o n  t h e  u n i f o r m  B G  w a s  a l s o  
d e t e r m i n e d  b y  c a l c u l a t i n g  t h e  p e r c e n t a g e  d e v i a t i o n  ( P D )  .  
, T h e  r e s u l t s  o b t a i n e d ,  i n d i c a t e d  t h a t  d e v i a t i o n  o f  o n l y  3 %  
e x i s t s  w i t h  r e s p e c t  t o  t h e  e x p e c t e d  B G  c o u n t  d e n s i t y  f o r  
t h e  e m p l o y e d  w i n d o w  s u b t r a c t i o n  t e c h n i q u e .
o f f  f r e q u e n c y  o f  1 . 4  c y c l e s  c m ' 1 .  H o r i z o n t a l  a n d  v e r t i c a l
5 . 4 )  .
( 5 . 2 )
( 5 . 3 )
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Count density histograms drawn through the reconstructed SPECT images 
for on-axis Tc-99m line source (2 mm I.D.J, PCPhotopeak image),
S (scatter image). Ordinate has been expanded to emphasize tail regions 
of graphs.
Profile FiIter k - 
Lower-taiI
value 
Upper-tai I Mean
Average value 
(k)
Hori zental Ramp-1.4 cycle.cm 1 0.54 0.34 0.44±0.14
0.43±0.01
Vertical - 1Ramp-1.4 cycle.cm 0.49 0.33 0.42±0.2
T a b l e  5 . 1
7 4
bc
Technique d M PD.
a b c of BG.
No correction 0.21±0.03 0.30±0.02 0.64±0.01 2% 13%
Effective '/i1 0.28±0.02 0.33±0.02 0.66+0.01 2% 8%
Window subtraction 0.30±0.02 0.41±0.02 0.70±0.01 3% 3%
F ig . 5 .5  Comparison of reconstructed transaxial images for:
(a) - No scatter correction
(b) - Effective 0.12 cm’1
(c) - Window subtraction, k = 0.43
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5 . 1 . 3 5  D E C O N V O LU T IO N  OF SC ATTERED  PHOTONS
T h i s  m e t h o d  r e q u i r e s  t h e  e s t i m a t i o n  o f  t h e  s h a p e  o f  
t h e  s c a t t e r  f u n c t i o n  f o r  t h e  i m a g i n g  s y s t e m  a n d  t h e  
d e c o n v o l u t i o n  o f  t h i s  f u n c t i o n  f r o m  t h e  r e c o n s t r u c t e d  i m a g e  
f u n c t i o n .  T h e  s c a t t e r  f u n c t i o n  c a n  b e  a p p r o x i m a t e d  b y  
u s i n g  t h e  p o i n t  s p r e a d  f u n c t i o n  o f  t h e  i m a g i n g  s y s t e m s .  
T h e  s h a p e  o f  t h e  p o i n t  s o u r c e  r e s p o n s e  f u n c t i o n  ( P S R F )  i s  
d u e  p r i m a r i l y  t o  t h e  p h y s i c a l  d i m e n s i o n s  o f  t h e  c o l l i m a t o r ,  
b u t  a l s o  t o  t h e  i n c l u s i o n  o f  s c a t t e r e d  p h o t o n s  i n  t h e  d a t a  
w h i c h  a r i s e  f r o m  s c a t t e r i n g  i n  t h e  m e d i u m ,  a s  w e l l  a s  
s c a t t e r i n g  i n  t h e  d e t e c t o r - c r y s t a l  a n d  c o l l i m a t o r .  T h e  
p r o c e s s  o f  d e c o n v o l u t i o n  m a k e s  i t  p o s s i b l e  f o r  t h e  s m a l l  
a n g l e  s c a t t e r  d a t a  t h a t  a r e  c o l l e c t e d  i n  t h e  p h o t o p e a k  
w i n d o w  t o  b e  r e m o v e d  f r o m  a c q u i r e d  d a t a .  T h e  d e c o n v o l u t i o n  
o f  t h e  s c a t t e r  f u n c t i o n  c a n  e i t h e r  t a k e  p l a c e  b e f o r e  
r e c o n s t r u c t i o n  ( w h e r e  t h e  p l a n a r  p r o j e c t i o n  d a t a  o f  t h e  
p o i n t  s o u r c e  i n  a  s c a t t e r i n g  m e d i u m  i s  d e c o n v o l v e d  f r o m  t h e  
u n c o r r e c t e d  d a t a  p r o j e c t i o n  b y  p r o j e c t i o n  a n d  c o r r e c t e d  
d a t a  a r e  u s e d  t o  r e c o n s t r u c t  t h e  i m a g e ) ,  o r  a  t w o  
d i m e n s i o n a l  r e c o n s t r u c t e d  t r a n s a x i a l  i m a g e  o f  a  p o i n t  
s o u r c e  i s  d e c o n v o l v e d  f r o m  t h e  u n c o r r e c t e d  r e c o n s t r u c t e d  
t r a n s a x i a l  i m a g e .
I f  t h e  t r u e  d i s t r i b u t i o n  o f  t h e  r a d i o n u c l i d e  i s  
r e p r e s e n t e d  b y  f ( x , y )  a n d  t h e  m e a s u r e d  i m a g e  d a t a  b y  
g ( x ? y ) t  t h e n  i n  t w o  d i m e n s i o n s
d i m e n s i o n a l  F o u r i e r  t r a n s f o r m  ( F T )  i s  r e p r e s e n t e d  b y  G ,  F  
a n d  H ,  t h e n :
T h e  d i r e c t  i n v e r s i o n  o f  t h i s  e q u a t i o n  w o u l d  y i e l d  f ( x , y )  
b y  f i n d i n g  t h e  i n v e r s e  F o u r i e r  t r a n s f o r m  o f  G / H .  T h i s
( 5 . 4 )
—00
w h e r e  h ( x - x ,  y - y )  i s  t h e  p o i n t  s o u r c e  r e s p o n s e .  I f  t h e  t w o
G  ( u , V )  =  F  ( u , v )  .  H  ( u , v ) ( 5 . 5 )
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i n v e r s i o n ,  h o w e v e r ,  c a n  l e a d  t o  l a r g e  f l u c t u a t i o n s  i n  t h e  
e s t i m a t e  o f  t h e  r a d i o n u c l i d e  d i s t r i b u t i o n  d u e  t o  t h e  
e x i s t e n c e  o f  v e r y  s m a l l  v a l u e s  i n  t h e  F T  o f  t h e  P S F .  T o  
a v o i d  t h i s  p r o b l e m  i t  i s  n e c e s s a r y  t o  c o n s t r a i n  t h e  
d e c o n v o l u t i o n .  T h e r e  a r e  s e v e r a l  w a y s  f o r  c o n s t r a i n e d  
d e c o n v o l u t i o n ,  o n e  p r o c e d u r e  i s  u s i n g  t h e  f o l l o w i n g  
e q u a t i o n s :
F ( u , v )  =  G ( u , v ) .  W ( u , v )
w h e r e :
H *  ( u ,  v )
W ( u , v )  =    -------------------
| h ( u , v ) 2 | +  S'
a n d  t h e  e q u a t i o n  5 . 6  c a n  b e  r e w r i t t e n  a s :
G ( u , v )  H *  ( u , v )
F ( u , v )   ------------------------------------    ( 5 . 8 )
| h ( u , v ) 2 | +  S'
w h e r e  i  i s  h e l d  c o n s t a n t  a n d  H *  i s  t h e  c o m p l e x  c o n j u g a t e  o f  
H .  I f  S ' i s  s e t  t o  z e r o ,  t h e n  W ( u , v )  b e c o m e s  t h e  i n v e r s e  
f i l t e r .  T h e  f u n c t i o n  W ( u , v )  i s  a  m o d i f i c a t i o n  o f  t h e  
W i e n e r  f i l t e r  i n  w h i c h  S ' d e p e n d s  o n  f r e q u e n c y  a n d  
r e p r e s e n t s  t h e  r a t i o  o f  t h e  p o w e r  s p e c t r a  o f  n o i s e  a n d  
s i g n a l .  B e c a u s e  t h e  p o w e r  s p e c t r a  a r e  d i f f i c u l t  t o  
d e t e r m i n e  i n  p r a c t i c e  ( K I N  8 6 )  b y  k e e p i n g  S ' f i x e d ,  t h e  
m o d i f i e d  f i l t e r  b e c o m e s  a  u s e f u l  a p p r o x i m a t i o n .
T h i s  t e c h n i q u e ,  e m p l o y i n g  a  c o m p u t e r  p r o g r a m m e  ( i e .  
d e v e l o p e d  a n d  i m p l e m e n t e d  o n  t h e  P R I M E )  w a s  u s e d  t o  
i n v e s t i g a t e  a n d  t o  c o m p a r e  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  
p r e v i o u s  m e t h o d  ( i . e .  w i n d o w  s u b t r a c t i o n ) .
S i n c e  t w o  d i f f e r e n t  t o m o g r a p h i c  s y s t e m s  ( i e .  g a m m a  
c a m e r a  4 0 0 G T ,  p r o t o t y p e  s c a n n i n g  r i g  -  s e e  c h a p t e r  4 )  h a v e  
b e e n  e m p l o y e d  i n  t h i s  w o r k ,  i t  i s  n e c e s s a r y  t o  m e a s u r e  t h e  
, r e s p o n s e  o f  e a c h  i m a g i n g  s y s t e m  t o  a  p o i n t  s o u t r c e ,  P S F .  
P r i m a r y  s t u d i e s  w e r e  p e r f o r m e d  b y  u s i n g  t h e  s c a n n i n g  r i g  
w h e r e  t h e  p o i n t  s o u r c e  d a t a  w e r e  o b t a i n e d  b y  i m a g i n g  a  
s m a l l  s o u r c e  o f  T c - 9 9 m  ( 3  m m  x  4  m m )  s u p p o r t e d  i n  t h e
( 5 . 6 )
( 5 . 7 )
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c e n t r e  o f  t h e  w a t e r  f i l l e d  c y l i n d r i c a l  p h a n t o m  ( 1 2 8  m m  
d i a m e t e r  x  1 0 0  m m  h e i g h t )  d i r e c t l y  o p p o s i t e  t h e  c o l l i m a t o r  
h o l e .  T h i s  a l i g n m e n t  b e i n g  a c h i e v e d  w i t h  t h e  a i d  o f  a  H e -  
N e  L a s e r .  A  l i n e  s c a n  o f  4 0  e q u a l l y  d i v i d e d  s t e p - l e n g t h s  
o f  4  m m  ( i . e .  f i r s t  p r o j e c t i o n  a t  0 ° )  w a s  p e r f o r m e d .  I f  o n e  
a s s u m e s ,  t h a t  t h e  o b j e c t  ( p h a n t o m )  i s  u n i f o r m  t h e r e f o r e ,  
r e s p o n s e  o f  t h e  s y s t e m  t o  t h e  p o i n t  s o u r c e  a t  d i f f e r e n t  
a n g l e s  w o u l d  b e  t h e  s a m e .  F i g u r e  ( 5 . 6 )  s h o w s ?  ( a )  -  t h e
s y s t e m  r e s p o n s e  t o  t h e  p o i n t  s o u r c e ,  M T F  a n d  ( b )  
u n c o r r e c t e d  a n d  s c a t t e r e d  c o r r e c t e d  t r a n s a x i a l  i m a g e s  o f  a  
c o l d  p h a n t o m  ( 4 0  m m  d i a m e t e r )  p o s i t i o n e d  4 0  m m  o f  t h e  
c e n t r e  i n  t h e  w a t e r  f i l l e d  p h a n t o m .  T a b u l a t e d  r e s u l t s  
r e v e a l e d ,  t h a t  n o t  o n l y  t h e  c o n t r a s t ,  d ,  f o r  t h e  c o l d  s p o t  
w i l l  i m p r o v e  d r a m a t i c a l l y ,  b u t  t h e  q u a n t i t a t i v e  e v a l u a t i o n  
o f  t h e  u n i f o r m  B G .  i s  a l s o  c l o s e r  t o  t h e  e x p e c t e d  v a l u e  a n d  
g i v e s  a  P D  o f  < - 2 %  ( i . e .  b e l o w  t h e  e x p e c t e d  v a l u e )  .  I n  t h e  
c a s e  o f  e f f e c t i v e  ' / x *  o r  w i n d o w  s u b t r a c t i o n  t h e r e  a r e  
o v e r e s t i m a t i o n s  o f  9 %  a n d  3 . 5 %  o f  c o u n t s  p r e s e n t  i n  t h e  
t r a n s a x i a l  i m a g e s  r e s p e c t i v e l y .
5 . 1 . 4 :  DISCUSSION
I m p r o v e d  r e s p o n s e  o f  t h e  d e c o n v o l u t i o n  t e c h n i q u e  t o  
s c a t t e r  c o r r e c t i o n  i n  t h e  i m a g e  i n d i c a t e s  t h a t  c o m p e n s a t i o n  
f o r  t h e  s c a t t e r e d  d a t a  i s  m o r e  a c c u r a t e ,  s i n c e  s c a t t e r e d  
p h o t o n s  w e r e  c o l l e c t e d  i n  t h e  p h o t o p e a k  w i n d o w  a n d  
n e c e s s a r i l y  h a d  s i m i l a r  s p a t i a l  f r e q u e n c y  t o  t h e  n o r m a l  
p h o t o p e a k  a c q u i r e d  d a t a ,  w h e r e a s  i n  t h e  w i n d o w - s u b t r a c t i o n  
m e t h o d ,  t h e  s p a t i a l  d i s t r i b u t i o n  o f  s c a t t e r e d  p h o t o n s  i n  
e a c h  w i n d o w  i s  d i f f e r e n t ,  a l t h o u g h  t h e  s c a t t e r e d  p h o t o n  i n  
t h e  l o w e r  e n e r g y  w i n d o w  c a n  b e  n u m e r i c a l l y  s i m i l a r  t o  t h a t  
i n  t h e  p h o t o p e a k  w i n d o w .  T h i s  c o m p a r a t i v e  s t u d y  c o u l d  b e  
e x p a n d e d ,  e m p l o y i n g  p h a n t o m s  w i t h  s i z e  a n d  v a r i a b l e  r a d i a l  
d i s t a n c e  f r o m  t h e  c e n t r e  o f  r o t a t i o n .  A n  e x p e r i m e n t a l  
i n v e s t i g a t i o n  b y  Y A N C H  ( Y A N  8 8 )  s h o w e d  t h a t  t h e  w i n d o w -  
, s u b s t r a c t i o n  t e c h n i q u e  i s  s u c c e s s f u l  i n  i m p r o v i n g  I c o n t r a s t  
a n d  q u a n t i t a t i o n  i n  S P E C T  i m a g e s ,  e s p e c i a l l y  i n  c o l d  
s o u r c e s  3 0  m m  i n  d i a m e t e r  o r  l a r g e r .  T h e  s u b t r a c t i o n  
t e c h n i q u e  i s  q u i c k  a n d  e a s y  f o r  g a m m a - c a m e r a  s y s t e m s
7 8
F ig .  5 ■ 6 • a The rig-scanner system response, PSF and MTF.
Technique d M PD. of BG.
Effective 'n1 (1) 0.69±0.02 3% 9%
Window subtraction (2) 0.74*0.02 4% 3.5%
Deconvolution (3) 0.88*0.01 3X <-2%
F ig .  5 . 6 . b Uncorrected and scatter corrected transaxial images of a cold phantom
(40 mm I.D.) embedded in the hot cylindrical phantom (128 mm I.D., 
contains solution of Tc-99m).
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e q u i p p e d  t o  c a r r y  o u t  d u a l - e n e r g y  a c q u i s i t i o n s ,  h o w e v e r ,  
b e c a u s e  a  p o r t i o n  o f  t h e  c o u n t s  c o l l e c t e d  i n  t h e  p h o t o ­
p e a k  w i n d o w  a r e  r e m o v e d  b y  t h i s  p r o c e s s ,  i m a g e  q u a l i t y  w i l l  
t e n d  t o  d e t e r i o r a t e .  T h i s  i s  s e e n  n u m e r i c a l l y  i n  
m e a s u r e m e n t  o f  i m a g e  m o t t l e  w h i c h  i n c r e a s e s  i n  c o m p a r i s o n  
w i t h  t h e  c o n v o l u t i o n  t e c h n i q u e .
H o w e v e r ,  l i m i t a t i o n s  i n  t h e  a c c u r a c y  o f  e s t i m a t i n g  t h e  
s c a t t e r  c o m p o n e n t  a r e  s t i l l  p r e s e n t  i n  t h e  m e t h o d s  a n d  
m i g h t  a l s o  e x p l a i n  w h y  i t  i s  c l a i m e d  t h a t  n o  o n e  t e c h n i q u e  
i s  r e a l l y  s u p e r i o r  t o  t h e  o t h e r s .  S o m e  o f  t h e  p o s s i b l e  
s o u r c e s  o f  e r r o r  i n  t h e  e v a l u a t i o n  o f  t h e  s c a t t e r  c o m p o n e n t  
c a n  b e  o u t l i n e d  a s s
I  L i m i t a t i o n  i n  t h e  a c c u r a c y  o f  t h e  s i m u l a t i o n
t e c h n i q u e  ( e g .  p h a n t o m  m e a s u r e m e n t ) .
I I  T h e  a s s u m p t i o n  t h a t  t h e  s c a t t e r  d i s t r i b u t i o n
w i t h i n  a  s e c o n d  w i n d o w  i s  a  g o o d  e s t i m a t e  o f  t h e  
t r u e  s c a t t e r  d i s t r i b u t i o n  w i t h i n  t h e  p h o t o p e a k  
w i n d o w .
I l l  T h e  u s e  o f  a v e r a g e d  s p a t i a l l y  d i s t r i b u t e d
s c a t t e r  p h o t o n s ,  a s  i n  t h e  c o n v o l u t i o n  m e t h o d .
5.2S DEPTH DETERMINATION OF PHOTON EMITTING RADIONUCLIDE
I t  i s  n o t  p o s s i b l e  t o  m a k e  q u a n t i t a t i v e  m e a s u r e m e n t s  
w i t h o u t  t a k i n g  i n t o  a c c o u n t  t h e  a m o u n t  b y  w h i c h  t h e  e m i t t e d  
p h o t o n s  h a v e  b e e n  a t t e n u a t e d  w i t h i n  t h e  o b j e c t .  T h i s  
i n v o l v e s  a c c u r a t e  m e a s u r e m e n t ,  o r  a t  l e a s t ,  e x c e l l e n t  
a p p r o x i m a t i o n  o f  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  o f  t h e  
m a t e r i a l  a n d  t h e  d e p t h  o f  t h e  s o u r c e  w i t h i n  i t .  T h e r e  a r e  
t w o  w a y s  o f  r e s o l v i n g  t h i s  p r o b l e m :
I  T h e  m e a s u r e m e n t  o f  o r g a n  o r  s o u r c e  r a d i o a c t i v i t y
b y  a  t e c h n i q u e  w h i c h  i s  i n d e p e n d e n t  o f  o r g a n  
d e p t h  i n  t i s s u e .  T h i s  m e t h o d  h a s  b e e n  e m p l o y e d  
i n  m e d i c a l  i m a g i n g ,  u s i n g  t h e  g e o m e t r i c a l  o r  
a r i t h m e t i c  m e a n s  o f  t h e  d a t a  f r o m  o p p o s i n g  v i e w s  
a n d  h a s  b e e n  t h e  s u b j e c t  o f  m u c h  w o r k  b y i  m a n y  
w o r k e r s .
I I  T h e  m e a s u r e m e n t  o f  o r g a n  o r  s o u r c e  a t t e n u a t i o n
d i s t a n c e  t o  c o r r e c t  t h e  q u a n t i t a t i v e
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m e a s u r e m e n t s .  O r ,  t h e  d e t e r m i n a t i o n  o f  e m p i r i c a l  
d e p t h  a t t e n u a t i o n  c o r r e c t i o n  f a c t o r s .
T h e  l o c a l i s a t i o n  o f  r a d i o a c t i v e  c o n t a m i n a t i o n  i n  t h e  h u m a n  
b o d y  w a s  s t u d i e d  b y  M c N e i l  e t a l .  ( M c N  6 4 )  ,  w h o  m e a s u r e d  t h e  
c h a n g e  o f  t h e  s c a t t e r  t o  p e a k  r a t i o ,  S P R ,  a n d  t h e  c h a n g e  i n  
t h e  p h o t o p e a k  r e s o l u t i o n  w i t h  s o u r c e  d e p t h ,  u s i n g  g a m m a -  
r a y  e n e r g i e s  f r o m  3 2 0  K e V  t o  1 5 2 0  K e V .  I t  w a s  f o u n d  t h a t  
t h e  S / P  r a t i o  w a s  m o r e  s e n s i t i v e  t o  c h a n g e  t h a n  t h e  
p h o t o p e a k  r e s o l u t i o n ,  a n d  l o w  e n e r g y  g a m m a - r a y s  m o r e  s o  
t h a n  h i g h  e n e r g y  g a m m a - r a y s .  T h e  p r e s e n t  w o r k  r e f e r s  t o  
t h e  d e t e r m i n a t i o n  o f  s o u r c e  d e p t h  i n  a n  a t t e n u a t i o n  m e d i u m  
b y  a n a l y s i n g  t h e  s p e c t r o s c o p i c  d a t a  ( i e .  o b t a i n e d  f r o m  
s o u r c e s  o f  g a m m a - r a y  e n e r g i e s ,  6 0  K e V  a n d  1 4 1  K e V  
r e s p e c t i v e l y )  b a s e d  o n  t h e  S P R  t e c h n i q u e  w h e r e  v a r i o u s  
m e t h o d s  o f  p h o t o p e a k  a r e a  e s t i m a t i o n  w e r e  e m p l o y e d .  T h e  
v a r i a t i o n  o f  s p a t i a l  r e s o l u t i o n  w i t h  d e p t h  i n  w a t e r  a n d  
r u b b e r  t i s s u e  e q u i v a l e n t  m a t e r i a l  w a s  a l s o  s t u d i e d .
5 . 2 . 1 S  T H E O R E T I C A L  B A C K G R O U N D  O F  1 I N —V I V O 8 D E P T H  
M E A S U R E M E N T  B Y  T H E  S P R  T E C H N I Q U E
T h e  f o l l o w i n g  d e s c r i b e s  t h e  t e c h n i q u e ,  S P R  f o r  a  
p o i n t - s o u r c e  w i t h  r e s p e c t  t o  s m a l l  a n d  l a r g e  a n g l e  
s c a t t e r i n g
I  S m a l l  a n g l e  s c a t t e r i n g :  A  s i m p l e  e x p r e s s i o n  h a s
b e e n  p r e s e n t e d  b y  W a l f o r d  ( W A L  7 2 )  a n d  i t  w a s  a s s u m e d  t h a t  
t h e  s o l i d  a n g l e  s u b t e n d e d  b y  t h e  s c a t t e r  e n e r g y  w i n d o w  i s  
s m a l l  a n d  c o m p a r a b l e  w i t h  t h a t  o f  t h e  f u l l  e n e r g y  w i n d o w  
( f i g  5 . 7 . a ) .  T h e  s c a t t e r e d  p h o t o n s  d s  w h i c h  a r e  p r o d u c e d  
i n  a  t h i c k n e s s  d x  i s
d s  =  I .  j i t c . d x  ( 5 . 9 )
w h e r e  I  i s  t h e  s o u r c e  i n t e n s i t y  a t  d x  a n d  i s  g i v e n  b y
I  =  I 0 e x p  ( - / z T . x )  i ( 5 . 1 0 )
a n d  p c i s  t h e  s m a l l  a n g l e  f o r w a r d  C o m p t o n  s c a t t e r i n g  
c o e f f i c i e n t  a n d  / i tT i s  t h e  t o t a l  l i n e a r  a b s o r p t i o n
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c o e f f i c i e n t  ( c m ' 1 )  .  T h e  n u m b e r  o f  s c a t t e r e d  p h o t o n s  
r e a c h i n g  t h e  s u r f a c e  o f  t h e  m e d i u m  i s
d s .  e x p  ( —m t ( d - x )  )  =  I 0 . e x p  ( - / z T . d )  . j u c . d x  ( 5 . 1 1 )
I n t e g r a t i n g  a l o n g  x  g i v e s  t h e  t o t a l  n u m b e r  o f  s c a t t e r e d  
p h o t o n s  f o r  a  s o u r c e  d e p t h  d ,
I 0 . e x p ( “ / x T . d )  . / x c . d x  = I 0 - e x p  ( * /x T . d )  . / x c . d ( 5 . 1 2 )
T h e  s c a t t e r  r e c o r d e d  b y  t h e  d e t e c t o r  i s ,  S  =  E s . s T ,  w h e r e
E s i s  t h e  e f f i c i e n c y  o f  t h e  d e t e c t o r  i n  t h e  s c a t t e r  a r e a .
T h e  n u m b e r  o f  f u l l - e n e r g y  p e a k  p h o t o n s  r e c o r d e d ,  P ,  i s
P  =  E p .  I „  e x p  ( - / x T . d )  ( 5 . 1 3 )
w h e r e  E p i s  t h e  e f f i c i e n c y  o f  t h e  d e t e c t o r  i n  t h e  p e a k  a r e a .
T h e  S P R  m a y  n o w  b e  e x p r e s s e d  a s
I 0exp(-M-r<*) -<*.mc.Es
S P R  =  ------------------------------------------------------------------------  ( 5 . 1 4 )
I 0exp(-/xT.d ) .Ep
T h e r e f o r e ,  i f  E s cJL e  ,  t h e  S P R  f o r  a  p o i n t  s o u r c e  v a r i e s  
l i n e a r l y  w i t h  d e p t h ,
S P R  =  p  . d  ( 5 . 1 5 )
T h i s  l i n e a r  r e l a t i o n s h i p  r e m a i n s  t r u e  f o r  t h i n ,  a r e a  
s o u r c e s  w i t h  s o m e  m o d i f i c a t i o n  o f  6 S .
I I  L a r g e  a n g l e  s c a t t e r i n g :  I n  t h e  c a s e  o f  u s i n g  a
p a r a l l e l  c o l l i m a t e d ,  l a r g e  N a l ( T l )  d e t e c t o r  ( i e .  G a m m a  
C a m e r a  h e a d ) ,  i t  i s  n e c e s s a r y  t o  d e f i n e  a n  e x p r e s s i o n  w h i c h  
i t a k e s  i n t o  t h e  a c c o u n t  l a r g e  a n g l e  s c a t t e r i n g ,  b e c a u s e  o f  
t h e  p o o r  e n e r g y  r e s o l u t i o n  o f  N a l ( T l )  d e t e c t o r  ( s e e  s e c t i o n  
4 . 2 . 2 . 1 ) .  T h e  n u m b e r  o f  s c a t t e r e d  p h o t o n s  w i t h i n  v o l u m e  
d v ,  a t  F  a n d  a t  a n  a n g l e  6  i n  t h e  s o l i d  a n g l e  d w ^
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d s  =  I .  j u c  •  d V  .  d W ( 5 . 1 6 )
w h e r e  I  i s  i n t e n s i t y  o f  p r i m a r y  p h o t o n s  i n c i d e n t  n o r m a l l y  
o n  t h e  a r e a  d A  o f  t h e  e l e m e n t a l  d V  ( d v  =  d A . d r )  w i t h  
s u b t e n d e d  s o l i d  a n g l e  d W  ( f i g  5 . 9 . 6 )
I  =  I J e x p  ( ~ M T r  )  ] d W ( 5 . 1 7 )
I f  I  d e f i n e d  a s  t h e  p o i n t  s o u r c e  i n t e n s i t y  t h e n
d s  =  d W .  I 0 . e x p ( - j L 4 T « i * )  * p c o d r ( 5 . 1 8 )
w h e r e  p T  i s  t o t a l  a t t e n u a t i o n  c o e f f i c i e n t .  S i n c e
dx dA.dx
r  = ,  t h e r e f o r e  d r  =
Cos 9
( 5 . 1 8 )  b e c o m e s
Cos 0
a n d  d V  =
Cos 0
a n d
d s  =  I 0 . e x p
Mr
C O S c o s  e
d x . d W . d W ( 5 . 1 9 )
T h e  a m o u n t  o f  s c a t t e r e d  p h o t o n s ,  f r o m  s c a t t e r i n g  v o l u m e  d V ,  
r e a c h i n g  t h e  m e d i u m  s u r f a c e  a t  G ,  i s  g i v e n  b y
M c • <\ ( 5 . 2 0 )
d s . e x p [ “ M t ( d - x )  ] = I 0 * ^ .  e x p ( - m t • d)  .  [ e x p ( - M T * x .  ( ^ e - l )  J J d x d W d W
f i n a l l y ,  t h e  a m o u n t  o f  s c a t t e r i n g  f r o m  a l l  t h e  e l e m e n t a r y  
v o l u m e s  a l o n g  S L ,  r e a c h i n g  t h e  t i s s u e  s u r f a c e  i s
S  =  I ( d s / d x )  .  d x  ( 5 . 2 1 )
o
o r
, ' ( 5 . 2 2 )
I 0M c . e x p ( - M Tr i )
M T . ( 1 - c o s  0 )
1 - e x p
~~Pjd
L C O S  0
-1 d W . d W
C O S  0
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T h e  t o t a l  a m o u n t  o f  s c a t t e r e d  p h o t o n s  s e e n  b y  t h e  
c o l l i m a t o r  i s  o b t a i n e d  b y  i n t e g r a t i o n  o f  t h e  c o n i c  v o l u m e  
d e f i n e d  b y  a n g l e  0 ,  a r o u n d  a x i s  S M .  I n  p r a c t i c e ,  t h e  
i n t e g r a t i o n  o f  ( 5 . 2 1 )  w i t h  r e s p e c t  t o  a n g l e  0 ,  d e p e n d s  o n  
t h e  s e l e c t i o n  o f  s c a t t e r  e n e r g y  w i n d o w s  w h i c h  c o r r e s p o n d s  
t o  s c a t t e r  a n g l e s .  T o  t a k e  i n t o  t h e  a c c o u n t  t h e  f i n i t e  
l i m i t s  o f  t h e  e n e r g y  w i n d o w s  a n d  t h e  i n t e g r a t i o n  o f  t h e  
c o n e  v o l u m e ,  ©  i s  r e p l a c e d  b y  0 ,  a n d  d W  b y  a w .  T h e  a m o u n t  
o f  u n s c a t t e r e d  p h o t o n s  a r r i v i n g  a t  t h e  m e d i u m  s u r f a c e  a l o n g  
S M  i s
P  =  I 0 .  e x p  ( - A i T . d )  d W c ( 5 . 2 3 )
w h e r e  d w 0 i s  s o l i d  a n g l e  s u b t e n d e d  b y  s o u r c e  S  t o  t h e  
c o l l i m a t o r .  T h e r e f o r e  t h e  e x p r e s s i o n  S P R  c a n  b e  o b t a i n  b y  
d i v i d i n g  t h e  e q u a t i o n  ( 5 . 1 4 )  a n d  ( 5 . 1 5 ) ,  s o  t h a t
A W . d W . / i f
S P R  =
r / J i j .  d 1 -
1 - e x p - 1 ( 5 . 2 4 )
- c o s  0 C O S  0, d W _ .  ( 1 - c o s  0 )  . /L tT
•  !.
K i
T h e r e  s o m e  C o m p t o n  s c a t t e r i n g  i n  t h e  g a m m a - c a m e r a  
c r y s t a l ,  d u e  m a i n l y  t o  t h e  e s c a p e  o f  s c a t t e r e d  p h o t o n s  f r o m  
t h e  t h i n  N a l ( T l )  c r y s t a l  ( 1 2 . 5  m m ) .  H o w e v e r ,  t h e  m e a s u r e d  
q u a n t i t y  o f  s c a t t e r  p r o d u c e d  i n  t h e  c r y s t a l ,  S * , . c a n  b e  
g i v e n  a s ;
s 0
s *  =  p .   ( 5 . 2 5 )
P.
w h e r e  p ,  S 0/ P 0 a r e  q u a n t i t y  o f  p r i m a r y  p h o t o n s  r e a c h i n g  t h e  
c r y s t a l  a n d  S P R  m e a s u r e d  i n  t h e  a b s e n c e  o f  s c a t t e r i n g  
m e d i u m .  I f  t h e  e x p r e s s i o n  o b t a i n e d  b y  d i v i s i o n  o f  ( 5 . 2 5 )  
b y  ( 5 . 1 7 )  i s  a d d e d  t o  ( 5 . 2 9 ) ,  i n  t h e  c a s e  o f  p o i n t  s o u r c e  
, m e a s u r e d  b y  a  p a r a l l e l  c o l l i m a t e d  g a m m a - c a m e r a  t h e  S P R  c a n  
b e  r e w r i t t e n  a s ;
( S / P ) , .  =  k .  F  ( m t ,  d ) , -  +  ( S Q/ P o ) i ( 5 . 2 6 )
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M e d iu m
Fig. S.
DET. CRYSTAL
COLIMATOR
Representation of small angle (a) and large angle (b) scattering geometry 
for a point source in a scattering medium. ^
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T h i s  r e l a t i o n s h i p  i s  a l s o  v a l i d  f o r  a r e a  s o u r c e ,  s i n c e  t h e  
p o i n t  s o u r c e  c a n  b e  a p p r o x im a t e d  b y  a  s m a l l  s u r f a c e  
e l e m e n t  (KAC77)*
5 . 2 . 2 s  PHOTOPEAK A R E A  D E T E R M IN A T IO N  AND E X P E R IM E N T A LLY  
MEASURED S P R
T w o  e x p e r i m e n t a l  a r r a n g e m e n t s  w e r e  u s e d  t o  s t u d y  t h e  
d e p t h  o f  t h e  r a d i o n u c l i d e  s o u r c e  i n  t h e  m e d iu m :
I  f i x e d  d e t e c t o r - p h a n t o m  g e o m e t r y ,  1 0 0  mm a p a r t ,
w h e r e  t h e  s o u r c e  d e p t h  i n  t h e  m ed iu m  w a s  c h a n g e d  a l o n g  t h e  
sa m e  a x i s
I I  f i x e d  s o u r c e - d e t e c t o r  g e o m e t r y ,  2 0 0  mm a p a r t ,
w h e r e  t h e  t h i c k n e s s  o f  t h e  a b s o r b i n g  m a t e r i a l  a b o v e  a n d  
b e l o w  t h e  s o u r c e  w a s  c h a n g e d ,  w i t h  t o t a l  t h i c k n e s s  o f  
2 0 0  mm.
I n  b o t h  c a s e s ,  a  N a l ( T l )  d e t e c t o r ,  25  mm x  1 mm, w i t h  a  
t h i n  b e r y l l i u m  w in d o w ,  0 . 2  mm, w h ic h  h a s  l o w  a b s o r p t i o n  
c o e f f i c i e n t ,  w a s  u s e d .  T h e  a b s o r b i n g  m ed iu m  w a s  c o m p o s e d  
o f  s h e e t s  o f  r u b b e r  t i s s u e  e q u i v a l e n t  m a t e r i a l ,  3 0 0  mm x  
3 0 0  mm x  20 mm, m a d e  f r o m  a  f l u i d  r u b b e r  co m p o u n d  
[ i . e .  (C 5H8) n] . T h e  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  t h e
s o u r c e s  o f  l o w  e n e r g y  g a m m a - r a y s ,  A m -2 4 1  (6 0  K e V ) a n d  T c -  
99m (1 4 1  K e V ) w i t h  t h e  p h y s i c a l  f o r m  o f  s o l i d  p o i n t  s o u r c e  
a n d  l i q u i d  e x p a n d e d  s o u r c e  r e s p e c t i v e l y .
T o  a n a l y s e  t h e  s p e c t r u m  a n d  t o  d e t e r m i n e  t h e  p h o t o p e a k  
a r e a ,  a  p r o g r a m  w a s  d e v e l o p e d .  T h e  f u l l - e n e r g y  p e a k  w a s  
a s s u m e d  t o  b e  G a u s s ia n ?
y ( x )  a  y 0 e x p  [ ( x - x 0) 2/ 2 a 2] ( 5 . 2 7 )
w h e r e  x  i s  t h e  p u l s e  h e i g h t  a n d  y 0, x 0 a n d  6" a r e  a m p l i t u d e ,  
t h e  p e a k  c e n t r e - p o s i t i o n  a n d  p h o t o p e a k  w i d t h .  T h e  f i t t i n g  
p r o c e d u r e  w a s  t h e n  a p p l i e d  a n d  t o t a l  a r e a  u n d e r  t h e  
p h o t o p e a k ,  P ( T ) , w a s  c a l c u l a t e d .  B a c k g r o u n d  c o n t r i b u t i o n  
, w a s  s u b t r a c t e d  f r o m  t h e  p e a k  r e g i o n  b y  f i t t i n g  A s t r a i g h t  
l i n e  t o  t h e  s p e c t r u m  b a s e  b e f o r e  G a u s s io n  f i t t i n g .
A n o t h e r  a p p r o a c h  w a s  a l s o  u s e d  b y  e m p l o y in g  l i n e a r  
f i t t i n g  w i t h  c o n t in u u m  v a l u e s  on  e i t h e r  s i d e  o f  t h e  p e a k
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a n d  t o t a l  p e a k  a r e a  P ( T )  w a s  c a l c u l a t e d  b y  su m m in g  a l l  t h e  
d a t a  p o i n t s  w i t h i n  t h e  d e f i n e d  p e a k  r e g i o n  a f t e r  
s u b s t r a c t i n g  t h e  b a c k g r o u n d .  T h e  f u l 1 - e n e r g y  p e a k  a r e a  
c a l c u l a t e d  i n  t h i s  w a y  s t i l l  c o n t a i n e d  t h e  c o n t r i b u t i o n  
f r o m  s c a t t e r i n g  e v e n t s .  Tw o  m e th o d s  w e r e  u s e d  t o  e l i m i n a t e  
t h e s e  e v e n t s  ( f i g  5 . 8 ) :
( i )  t o  c a l c u l a t e  t h e  p h o t o p e a k  u p p e r - h a l f  a r e a  
( P ( A ) ) a n d  t h e r e f o r e :
P e a k  a r e a  =  2 P (A )  ( 5 . 2 8 )
s c a t t e r i n g  a r e a  =  P ( T )  -  2 P (A )  ( 5 . 2 9 )
( i i )  t o  s e t  a n o t h e r  r e g i o n  a r o u n d  t h e  C o m p to n  e d g e
( i e .  w i t h  t h e  sam e w i d t h  a s  t h e  p h o t o p e a k  
r e g i o n )  a n d  p e a k  a r e a  w a s  t h e n  d e t e r m i n e d  b y  
s u b t r a c t i n g  a  f r a c t i o n  o f  a r e a  u n d e r  t h e  
s c a t t e r e d  w in d o w  f r o m  t h e  t o t a l  p h o t o p e a k  a r e a ,  
P ( T ) , s o  t h a t :
P e a k  a r e a  =  P ( T )  -  F .S  ( 5 . 3 0 )
S c a t t e r i n g  a r e a  =  S
CH.No.
F i g .  5 * 8  Sketch of the energy spectrum and designated areas
* A, B are the photopeak and scattering windows respectively.
5 . 2 . 2 . 1  A N A LYSE D  R E SU LTS  AND D IS C U S S IO N
I  T h e  c a l c u l a t e d  p h o t o p e a k  a r e a s  u t i l i s i n g  t h e
d e s c r i b e d  m e th o d s  w e r e  p l o t t e d  a s  f u n c t i o n s  o f  a b s o r b e r  
t h i c k n e s s  f o r  t w o  t y p e s  o f  g e o m e t r y ,  f i g u r e  ( 5 . 9 ) .  F i g u r e  
( 5 . 9 . a ) ,  r e p r e s e n t s  t h e  p h o t o p e a k  a r e a  f o r  t h e  p o i h t
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s o u r c e ,  A m -2 4 1 , i n  d e t e c t o r - p h a n t o m  f i x e d  g e o m e t r y  w h e r e  n o  
d e t e c t o r  c o l l i m a t i o n  w a s  u s e d .  F i g u r e  ( 5 . 9 . b )  a n d ( 5 . 9 . c )  
r e p r e s e n t  t h e  p h o t o p e a k  a r e a  f o r  t h e  A m -2 4 1  p o i n t  s o u r c e  
a n d  t h e  T c -9 9 m  e x p a n d e d  s o u r c e  i n  d e t e c t o r  -  s o u r c e  f i x e d  
g e o m e t r y  w i t h  t h e  c o l l i m a t e d  d e t e c t o r  r e s p e c t i v e l y .
( 1 )  -  T h e  s e p a r a t i o n  b e t w e e n  c u r v e  A  a n d  B i s  r e l a t e d  
t o  t h e  c o n t r i b u t i o n  o f  b a c k g r o u n d  (B G ) i n t o  t h e  p h o t o p e a k  
a r e a .  T h e  BG a r i s i n g  f r o m  s c a t t e r i n g  w a s  h i g h  i n  f i g u r e s  
( 5 . 9 . a )  a n d  ( 5 . 9 . c ) ,  s i n c e  i n  t h e  f i r s t  f i g u r e  n o  
c o l l i m a t o r  w a s  u s e d  a n d  i n  t h e  s e c o n d  f i g u r e ,  p r im a r y  
p h o t o n s  e m i t t e d  f r o m  t h e  e x p a n d e d  s o u r c e  o u t s i d e  t h e  a c t i v e  
v o lu m e  d e f i n e d  b y  t h e  c o l l i m a t o r  c a n n o t  b e  d e t e c t e d  
d i r e c t l y .  T h e y  c a n  o n l y  b e  d e t e c t e d  a s  s c a t t e r e d  p h o t o n s  
a f t e r  t h e y  h a v e  i n t e r a c t e d  w i t h  t h e  m ed iu m  i n s i d e  t h e  
a c t i v e  v o lu m e  a n d  t h e r e f o r e  t h e  BG w i l l  b e  h i g h .  I n  f i g u r e  
( 5 . 9 . b ) , m o s t  o f  t h e  s c a t t e r e d  p h o t o n s  w e r e  r e j e c t e d  b y  t h e  
d e t e c t o r  e m p lo y e d  a n d  t h e r e f o r e  t h e  BG w a s  l o w .
( 2 )  -  T h e  s e p a r a t i o n  b e t w e e n  c u r v e s  B a n d  C i s  r e l a t e d  
t o  t h e  s c a t t e r i n g  e v e n t s  w i t h i n  t h e  p h o t o p e a k  a r e a  r e g i o n .  
F o r  a l l  c a s e s ,  t h i s  e f f e c t  i s  m u ch  l e s s  p r o n o u n c e d  t h a n  i n  
( 1 ) .  H o w e v e r ,  t h e  v a r i a t i o n  w i t h  d e p t h  w a s  o b v i o u s  a n d  i s  
i n  a c c o r d a n c e  w i t h  t h e  f a c t  t h a t  s c a t t e r e d  e v e n t s  i n s i d e  
t h e  p h o t o p e a k  a r e a  a r e  i n c r e a s e d  w i t h  i n c r e a s i n g  s o u r c e  
d e p t h .  T h i s  t r e n d  ca m e  t o  a n  o p t im u m  f o r  t h e  s p e c t r u m  o f  
A m -2 4 1  a t  a  d e p t h  o f  80  mm, b e c a u s e  o f  a t t e n u a t i o n  o f  t h e  
s c a t t e r e d  p h o t o n s .
( 3 )  -  T h e  s e p a r a t i o n  b e t w e e n  c u r v e  B a n d  D i s  d u e  t o  
t h e  C o m p to n  c o n t in u u m .  T h e  l a r g e r  t h e  s e p a r a t i o n ,  t h e  m o re  
s c a t t e r e d  p h o t o n s  p r e s e n t  i n  t h e  s p e c t r u m .  T h e  r e s u l t  w a s  
i n  a g r e e m e n t  w i t h  ( 1 )  a n d  t h e  sa m e  e x p l a n a t i o n  i s  g i v e n .
I I  P l o t s  o f  S P R  v e r s u s  s o u r c e  d e p t h  a r e  g i v e n  i n
f i g u r e  ( 5 . 1 0 ) .  A n  i n c r e a s e  o f  S P R  w i t h  d e p t h  w a s  r e v e a l e d .  
D u e t o  t h e  t h e o r e t i c a l  e x p r e s s i o n ,  ( 5 . 2 . 1 ) ,  t h e  v a r i a t i o n  
o f  S P R  w a s  p r e d i c t e d  t o  b e  l i n e a r  f o r  l o w  a n g l e  s c a t t e r i n g  
w i t h  t h e  s l o p e  o f  c u r v e  d e p e n d e n t  o n  t h e  c h o i c e  o f  s c a t t e r  
, a n g l e .  T h e  r e s u l t s  o b t a i n e d  s h o w e d  a  d e v i a t i o n  f f r o m  t h i s  
p r e d i c t i o n ,  b e c a u s e  t h e  a s s u m p t io n  t h a t  o n l y  s i n g l e  
s c a t t e r e d  p h o t o n s  a r e  r e c o r d e d  i s  n o t  v a l i d  h e r e .  F o r  t h e  
s p e c t r u m  o f  A m -2 4 1 , t h e  c h o s e n  s c a t t e r  r e g i o n  w e l l  e x c e e d e d
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t h e  r a n g e  o f  s i n g l e  s c a t t e r e d  p h o t o n s  ( f i g .  5 . 1 1 )  a n d  f o r  
T c -9 9 m , t h e  x - r a y  e s c a p e  p e a k  o v e r l a p p e d  w i t h  t h e  C o m p to n  
r e g i o n  ( f i g .  5 . 1 2 ) .  B y  c o m p a r in g  c u r v e  A  a n d  B i n  f i g u r e  
( 5 . 1 0 . a - c ) ,  i t  w a s  f o u n d  t h a t  t h e  s e n s i t i v i t y  o f  c h a n g e  o f  
SP R  w i t h  d e p t h  i s  im p r o v e d  w i t h  s c a t t e r i n g  s u b t r a c t i o n .  
T h e  s e n s i t i v i t y  o f  c u r v e  C w a s  l o w  a n d  m o r e  s u b j e c t  t o  
s t a t i s t i c a l  v a r i a t i o n .  T h e  a b o v e  r e s u l t s  w e r e  b a s e d  o n  t h e  
FWHM w in d o w  s e t t i n g .  T h e  r e s u l t s  w e r e  c o m p a r e d  w i t h  t h o s e  
o b t a i n e d  f r o m  FWTM w in d o w  s e t t i n g  a n d  i t  w a s  r e v e a l e d  a s  
p r e d i c t e d ,  t h a t  t h e  l a t t e r  h a d  g r e a t e r  s e n s i t i v i t y  i n  t h e  
S P R  a n d  c h o i c e  o f  e n e r g y  w in d o w  w i l l  d e t e r m i n e  t h e  a m o u n t 
o f  s c a t t e r i n g  e v e n t s  b e i n g  t a k e n  i n t o  a c c o u n t  i n  t h e  
c a l c u l a t i o n .  T h e  p h o t o p e a k  r e g i o n  s h o u ld  b e  o p t i m i s e d  t o  
i n c l u d e  a s  m an y p r im a r y  p h o t o n s  a s  p o s s i b l e  a n d  t h e  s c a t t e r  
r e g i o n  s h o u ld  b e  m ad e t o  a v o i d  p h o t o n s  o t h e r  t h a n  s i n g l e  
s c a t t e r e d  p h o t o n s .  I n  t h i s  s t u d y  t h e  c h o i c e s  o f  b o t h  
p h o t o p e a k  a n d  s c a t t e r  r e g i o n  w e r e  d i f f i c u l t  f o r  A m -2 4 1  
b e c a u s e  t h e  r a n g e  f o r  s i n g l e  s c a t t e r e d  p h o t o n  w a s  s m a l l  
c o m p a r e d  w i t h  t h e  e n e r g y  r e s o l u t i o n  o f  t h e  d e t e c t o r  ( i e -  
18% f o r  60  K e V ) . F o r  t h e  T c -9 9 m , t h e  p o s i t i o n  o f  t h e  x -  
r a y  e s c a p e  p e a k  w a s  t h e  sa m e  a s  t h a t  o f  s c a t t e r e d  p h o t o n s  
t h r o u g h  8 3 ° .
5.2.3S  SENSITIVITY OF SPATIAL RESOLUTION TO DEPTH
A n o t h e r  a t t e m p t  t o  m e a s u r e  t h e  d e p t h  o f  a  r a d i o a c t i v e  
s o u r c e  i n  t h e  m ed iu m  w a s  t o  o b t a i n  a n d  a n a l y s e  t h e  r e s p o n s e  
o f  t h e  s y s t e m  t o  p o i n t  o r  l i n e  s o u r c e s  a t  v a r i a b l e  d e p t h  i n  
t h e  b o d y  p h a n to m . T h e  l i n e  s p r e a d  f u n c t i o n  (L S F )  c a n  b e  
o b t a i n e d  b y  i n t e g r a t i n g  o v e r  t h e  p o i n t  s p r e a d  f u n c t i o n  
(P S F )  u s i n g
I f  t h e  L S F  i s  r e p r e s e n t e d  b y  a  G a u s s ia n  f u n c t i o n ,  a s  i t  i s  
, a s s u m e d  i n  t h i s  s t u d y ,  s o  t h a t  I
00
( 5 . 3 1 )
h L ( x )  =  e x p  [ - x 2/ 2 o x2 ] ( 5 . 3 2 )
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F ig»  5.11 Energy spectra with the Am-241 point source in absorbing material
(i.e . Tissue equivalent).
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F ig .  5.12 Energy spectra with the Tc-99m extended source in absorbing material
(i.e . Tissue equivalent).
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a n d  t h e  FWHM o f  t h e  L S F  i s  t h e n  r e l a t e d  t o  ctx b y
FWHM =  2 1 2 I n  2crx =  2 . 3 5  crx ( 5 . 3 3 )
H o w e v e r ,  t h e  s i n g l e  f i g u r e  o f  t h e  FWHM o f  t h e  L S F  i s  n o t  
s u f f i c i e n t  t o  d e f i n e  t h e  s p a t i a l  r e s o l u t i o n  o f  a  s y s t e m ,  
s i n c e  t h e  FWHMs o f  t w o  s y s t e m s  m ay b e  i d e n t i c a l ,  b u t  t h e  
s h a p e  o f  t h e  L S F  b e y o n d  t h e  h a l f  m axim um  v a l u e  c o u l d  b e  
v e r y  d i f f e r e n t ,  d u e  t o  c o l l i m a t o r  p e n e t r a t i o n  a n d / o r  t h e  
d e t e c t i o n  o f  s c a t t e r e d  r a d i a t i o n .  T h e  FWTM i s  o f t e n  u s e d  
i n  a d d i t i o n  t o  t h e  FWHM t o  g i v e  a n  i n d i c a t i o n  o f  t h e  
o v e r a l l  s h a p e  o f  L S F
I n  t h e  p r e s e n t  w o r k  t w o  s e t s  o f  e x p e r i m e n t s  e m p lo y in g  
a  l i n e  s o u r c e  (2  mm I . D . )  c o n t a i n i n g  r a d i o a c t i v e  s o l u t i o n  
o f  T c -9 9 m  w e r e  p e r f o r m e d .  U t i l i s e d  p h a n to m s  w e r e  a  w a t e r  
f i l l e d  c y l i n d r i c a l  b o d y  p h a n to m  (2 2 0  x  16 5  mm) a n d  a  s t a c k  
o f  t e n  s q u a r e  r u b b e r  t i s s u e  e q u i v a l e n t  m a t e r i a l  s h e e t s  (3 0 0  
x  3 0 0  x  2 0 0  mm) . T h e  g e o m e t r y  w a s  a  f i x e d  p h a n t o m - d e t e c t o r  
a r r a n g e m e n t  w i t h  a p p r o x i m a t e l y  10 0  mm d i s t a n c e  b e t w e e n  t h e  
c o l l i m a t e d  d e t e c t o r  a n d  t h e  o u t e r  s u r f a c e  o f  t h e  p h a n to m s ,  
w h e r e  t h e  l i n e  s o u r c e  d e p t h  w a s  c h a n g e d  a l o n g  t h e  sa m e  a x i s  
p e r p e n d i c u l a r  t o  t h e  d e t e c t o r  s u r f a c e .
T h e  p l a n e  im a g e  o f  t h e  l i n e  s o u r c e  i n  t h e  p h a n to m s  f o r  
v a r i a b l e  d e p t h  w e r e  o b t a i n e d  a n d  a  v e r t i c a l  p r o f i l e  a c r o s s  
t h e  c e n t r e  o f  e a c h  im a g e  w a s  s e t .  T h e  s y s t e m  a v a i l a b l e  
p r o g r a m m e , L I S T  CURVE ( s e e  s e c t i o n  4 . 2 . 1 . 2 )  w a s  u s e d  t o  
o b t a i n  d a t a  p o i n t s  f o r  t h e  p r o f i l e  p l o t  a n d  h e n c e  t h e  L S F . 
I t  w a s  a s s u m e d , t h a t  L S F  i s  a  G a u s s ia n  d i s t r i b u t i o n  a n d  a  
f i t t i n g  p r o g r a m m e  w a s  d e v e l o p e d  t o  m e a s u r e  t h e  FWHM a n d  
FWTM. I n  e a c h  c a s e  t h e  b a c k g r o u n d  u n d e r l y i n g  t h e  p e a k  w a s  
a s s u m e d  t o  b e  a  l i n e a r  f u n c t i o n  a n d  s u b t r a c t e d  f r o m  t h e  
t o t a l  a r e a  u n d e r  t h e  p h o t o p e a k  ( f i g  5 . 1 3 ) .  T h e  v a r i a t i o n  
i n  l i n e  s o u r c e  r e s p o n s e  w i t h  d e p t h  i s  i l l u s t r a t e d  b y  
q u a n t i t a t i v e  m e a s u r e s  o f  h e i g h t  (m ax im u m  r e s p o n s e )  a n d  
v a l u e s  o f  crx i n  f i g u r e  ( 5 . 1 4 ) .  T h e  v a l u e s  o f  m axim um  
r e s p o n s e  d e c r e a s e d  b y  f a c t o r s  o f  3 a n d  3 . 5 ,  b u t t h e  v a l u e  o f
FWTM =  2 \|2 1 n l0  crx =  4 .2 9  crx ( 4 . 3 1 )
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^ i n c r e a s e d  b y  f a c t o r s  o f  2 . 6  a n d  2 . 1  i n  t h e  r u b b e r  a n d  t h e  
w a t e r  p h a n to m s  r e s p e c t i v e l y .  T h e  s e p a r a t i o n  b e t w e e n  t h e  
c u r v e s  A  a n d  B c a n  b e  e x p l a i n e d  b y  d i s s i m i l a r  p h y s i c a l  
c o n f i g u r a t i o n s  a n d  t h e  s i z e  o f  t h e  t w o  p h a n to m s  ( i e .  
c i r c u l a r  a n d  s q u a r e  p h a n t o m s ) . V a r i a t i o n  o f  s p a t i a l  
r e s o l u t i o n  w i t h  d e p t h  c o m p a r e d  w i t h  t h o s e  r e s u l t s  o b t a i n e d  
f r o m  t h e  SP R  r e v e a l e d  t h a t  b o t h  t e c h n i q u e s  h a v e  t h e  sam e 
r a n g e  o f  d e p t h  s e n s i t i v i t y  ( i e .  i n c r e a s e d  b y  f a c t o r  o f  2 ) 
a n d  t h e r e  i s  n o  s u p e r i o r i t y  o f  o n e  t o  t h e  o t h e r  t e c h n i q u e .  
H o w e v e r ,  i f  a  l i n e  s o u r c e  r e s p o n s e  i s  a l s o  u s e d  t o  a c h i e v e  
o t h e r  a im s  ( e g .  c h a r a c t e r i s i n g  a  s y s t e m  p e r f o r m a n c e  o r  
e v a l u a t i o n  o f  a n  im a g e  q u a l i t y )  i t  i s  m o r e  c o n v e n i e n t  t o  
u t i l i s e  t h e  l a t t e r  t e c h n i q u e ,  s p a t i a l  r e s o l u t i o n ,  t o  
d e t e r m i n e  t h e  s o u r c e  d e p t h .
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F ig .  5.13 Response of the line source, Tc-99m, with depth in water.
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6 . 1 5  MODIFICATION AND IMPLEMENTATION OF RECLBL ON PRIME
6 .1 .1 5 INTRODUCTION
A t  t h e  p r im a r y  s t a g e  o f  t h e  w o r k  r e c o n s t r u c t i o n  o f  
im a g e s  w a s  c a r r i e d  o u t  u t i l i s i n g  t h e  s i m p l e  f i l t e r e d  b a c k -  
p r o j e c t i o n  t e c h n i q u e  (F B P ) o n  t h e  BBC m i c r o c o m p u t e r .  B u t  
b e c a u s e  o f  t h e  s i m p l e  a s s u m p t io n  r e l a t e d  t o  t h e  a t t e n u a t i o n  
c o r r e c t i o n  a n d  a l s o  t h e  n e c e s s i t y  f o r  c o m p a r i s o n  o f  t h e  
i t e r a t i v e  t e c h n i q u e  t o  t h e  FB P  w i t h  r e s p e c t  t o  q u a n t i t a t i v e  
s t u d i e s ,  a  s o p h i s t i c a t e d  p a c k a g e  o f  c o m p u t a t i o n a l  
s u b r o u t i n e s  f o r  r e c o n s t r u c t i o n  a l g o r i t h m s ,  c a l l e d  'R E C L B L 1 
w a s  u t i l i s e d .  T h e  p a c k a g e  w a s  o b t a i n e d  f r o m  t h e  L a w r e n c e  
B e r k e l e y  L a b o r a t o r y ,  U n i v e r s i t y  o f  C a l i f o r n i a  (H US 7 7 )  a n d  
w a s  m o d i f i e d  a n d  f u l l y  im p le m e n t e d  o n  t h e  P R IM E  m a in  f r a m e  
c o m p u t e r .
T h e  l i b r a r y  c o n t a i n s  s u b r o u t i n e s  t h a t  a p p l y  t o  
r e c o n s t r u c t i o n  o f  t r a n s v e r s e  s e c t i o n s  f r o m  p r o j e c t i o n  d a t a .  
T h e  s u b r o u t i n e s  a r e  w r i t t e n  i n  t h e  FO RTRAN p r o g r a m m in g  
l a n g u a g e  ( i e .  A N S I  s t a n d a r d )  a n d  h a v e  b e e n  d e s i g n e d  t o  
a c c o m m o d a te  b o t h  s m a l l  a n d  l a r g e  c o m p u t e r  im p l e m e n t a t i o n  
w h ic h  h a v e  b e e n  t e s t e d  o n  CDC 6 4 0 0 , 6 6 0 0  a n d  7 6 0 0
c o m p u t e r s ,  o n  a  P D P 1 1 / 4 5  s y s t e m  a n d  m o r e  r e c e n t l y  o n  t h e  
P R IM E  b y  t h e  a u t h o r .  T h e  p a c k a g e  a p p l i e s  t o  t h r e e -  
d i m e n s i o n a l  r e c o n s t r u c t i o n  p r o b l e m s  t h a t  a r i s e  i n  t h e  
m e d i c a l  a n d  p h y s i c a l  s c i e n c e s .  I t  c a n  b e  u s e d  b o t h  f o r  t h e  
d e t e r m i n a t i o n  o f  t i s s u e  a t t e n u a t i o n  c o e f f i c i e n t s  u s i n g  
x - r a y  o r Y - r a y  t r a n s m i s s i o n  d a t a  a n d  f o r  t h e  d e t e r m i n a t i o n  
o f  r a d i o n u c l i d e  c o n c e n t r a t i o n  u s i n g  d a t a  f r o m  e m i s s i o n  
t o m o g r a p h i c  s t u d i e s .  T h e  l i b r a r y  a p p l i e s  t o  d a t a  t h a t  
r e p r e s e n t  t h e  p r o j e c t i o n  o f  d e n s i t y  a l o n g  p a r a l l e l  o r  
d i v e r g i n g  s e t s  o f  s t r a i g h t - l i n e  p a t h s  ( r a y s )  t h r o u g h  a n  
o b j e c t .  T h e  a l g o r i t h m s  t r a n s f o r m  o n e - d i m e n s i o n a l
p r o j e c t i o n s  f r o m  m u l t i p l e  a n g l e s  a r o u n d  t h e  o b j e c t  t o  a 
c o r r e s p o n d i n g  t r a n s v e r s e  s e c t i o n  t h r o u g h  t h e  o b j e c t .  T h e  
u s e r  m u s t  w r i t e  a  m a in  p r o g r a m  t h a t  c a l l s  v a r i o u s
D A T A  P R O C E S S I N G  A N D  I M A G E  A N A L Y S I S
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s u b r o u t i n e s  o f  t h e  l i b r a r y .  T h e s e  i n c l u d e  s e t u p ,  d a t a  
i n p u t ,  d i s p l a y  r o u t i n e s ,  a s  w e l l  a s  t h e  m a jo r  r o u t i n e s  t h a t  
e x e c u t e  t h e  r e c o n s t r u c t i o n  a l g o r i t h m s .
6.1.2S DESCRIPTION OF THE LIBRARY CONTENTS
I n  o r d e r  t h a t  a  u s e r  i s  a b l e  t o  c h o o s e  d e s i r a b l e  
s u b r o u t i n e s  f o r  t h e  r e c o n s t r u c t i o n  a l g o r i t h m s  a  l i s t  o f  
s u p p l i e d  s u b r o u t i n e s  w e r e  p r o v i d e d  a s  f o l l o w s ?
I  B JE C T ; s i m p l e  b a c k - p r o j e c t i o n
I I  B K F IL ;  b a c k - p r o j e c t i o n  o f  f i l t e r e d  p r o j e c t i o n
( F o u r i e r  s p a c e )
I I I  CONGR; i t e r a t i v e  l e a s t - s q u a r e s  m i n i m i s a t i o n  b y  t h e
m e th o d  o f  c o n j u g a t e  g r a d i e n t s
V  CONVO; b a c k - p r o j e c t i o n  o f  c o n v o l v e d  p r o j e c t i o n s
V I  E N T P Y ; i t e r a t i v e  d u a l - s p a c e  e n t r o p y  m a x im i s a t i o n
b y  t h e  m e th o d  o f  c o n j u g a t e  g r a d i e n t s
V I I  F IL B K ;  t w o - d i m e n s i o n a l  f i l t e r i n g  o f  t h e  s i m p l e  b a c k -
p r o j e c t i o n  ( F o u r i e r  s p a c e )
V I I I  G VE R S ; d i r e c t  l e a s t - s q u a r e s  m i n i m i s a t i o n  u s i n g  t h e
g e n e r a l i z e d  i n v e r s e
I X  GRADY; i t e r a t i v e  l e a s t - s q u a r e s  m i n i m i s a t i o n  b y  t h e
m e th o d  o f  s t e e p e s t  d e s c e n t
X MARRs d i r e c t  l e a s t - s q u a r e s  m i n i m i s a t i o n  u s i n g
o r t h o g o n a l  p o l y n o m i a l s  o n  t h e  u n i t s  c i r c l e .  
T h e  a b o v e  r e c o n s t r u c t i o n  a l g o r i t h m s  a r e  e x e c u t e d  w i t h  t w o  
g e o m e t r i e s ;
A  -  p a r a l l e l  b ea m  g e o m e t r y  
B -  f a n  b e a m  g e o m e t r y  
w h e r e  a  n u m b er  o f  c o n v o l v e r s  a n d  f i l t e r s  a r e  a v a i l a b l e  a n d  
o u t l i n e d  a s
I  C o n v o l v e r s ;
-R A L A  C o n v o l v e r  
-S H LO  C o n v o l v e r  
-L A K S  C o n v o l v e r
I I  F i l t e r  f u n c t i o n s ;  I
-R am p  f i l t e r  a n d  r e c t a n g u l a r  w in d o w
-H a n n  f i l t e r  a n d  H an n  w in d o w
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-H am  f i l t e r  a n d  H am m in g  w in d o w  
- P a r z e n  f i l t e r  a n d  P a r z a n  w in d o w  
- B u t t e r  f i l t e r  a n d  B u t t e r w o r t h  w in d o w .
T h e  m e t h o d s  o f  c o m p e n s a t in g  f o r  a t t e n u a t i o n ,  u s e  
a t t e n u a t i o n  f a c t o r s  c a l c u l a t e d  b y  t h e  s u b r o u t i n e s :
I  EVATN  -  w h ic h  i n c o r p o r a t e s  a n  a t t e n u a t i o n  m ap f r o m  a
p r o v i d e d  a r r a y  o f  a t t e n u a t i o n  c o e f f i c i e n t s
I I  EVATU  -  w h ic h  i n c o r p o r a t e s  a  c o n s t a n t  a t t e n u a t i o n
c o e f f i c i e n t  w i t h i n  a  c o n v e x  b o u n d a r y .
A n  o v e r v i e w  o f  t h e  l i b r a r y  i s  s h o w n  ( f i g  6 . 1 )  w h ic h  g i v e s  
t h e  n am e o f  e s s e n t i a l  l i b r a r y  s u b r o u t i n e s  w i t h  w h ic h  t h e  
u s e r  w i l l  n e e d  t o  b e  f a m i l i a r .
6 .1 .3 :  USER PROGRAM STRUCTURE
S i n c e  t h e  l i b r a r y  i s  a  c o l l e c t i o n  o f  s u b r o u t i n e s ,  t h e  
u s e r  m u s t  p r o v i d e  a  m a in  p r o g r a m  t h a t  p e r f o r m s  t h e  
f o l l o w i n g  f u n c t i o n s :  s e t  p a r a m e t e r s  t h a t  d e f i n e  t h e
g e o m e t r y  a s  w e l l  a s  d e t e r m i n e  c o n t r o l  o p e r a t i o n s  w i t h i n  t h e  
l i b r a r y  s u b r o u t i n e s ,  c a l l  r e c o n s t r u c t i o n  s u b r o u t i n e s  o f  t h e  
l i b r a r y ,  c a l l  d i s p l a y  r o u t i n e s  o f  t h e  l i b r a r y  a n d  s a v e  
r e s u l t s  i f  d e s i r e d .  I n  a d d i t i o n ,  t h e  u s e r  m u s t  p r o v i d e  a 
s u b r o u t i n e  f o r  d a t a  i n p u t .  I n  g e n e r a l  R E C L B L  c a n  b e  
c o n s i d e r e d  t o  c o n s i s t  o f  t h r e e  p a r t s :
( i )  I n p u t  p a r a m e t e r s  a n d  r e c o n s t r u c t i o n
( i i )  D a ta  i n p u t  a n d  p h a n to m  g e n e r a t i o n
( i i i )  O u tp u t  a n d  d i s p l a y  
F i g u r e  ( 6 . 2 )  s h o w s  a n  o u t l i n e  o f  a  r e c o m m e n d e d  s t r u c t u r e  
f o r  a  m a in  p r o g r a m .
6 .1 . 3 . 1  INPUT PARAMETERS AND RECONSTRUCTION
T h e  d e c l a r a t i v e  s t a t e m e n t s  a p p e a r  f i r s t  i n  t h e  
s e q u e n c e  o f  p r o g r a m  l i n e s  a n d  m e a n in g  o f  e a c h  s t a t e m e n t  
w i l l  b e  d e s c r i b e d .  T h e  f i r s t  s t e p  i s  t o  e s t a b l i s h  t h e  
i v a l u e s  o f  t h e  i n p u t  p a r a m e t e r s  u s i n g  t h e  S E T U P  s u b r o u t i n e .  
T h e r e  a r e  17 p a r a m e t r i c  v a l u e s  t o  b e  d e c i d e d  u p o n  b e f o r e  
SE TU P c a n  b e  c a l l e d .  T h e s e  c a n  b e  b r o k e n  d o w n  i n t o  f o u r  
c a t e g o r i e s :  t h o s e  d e s c r i b i n g  t h e  im a g e  t h a t  i s  t o  b e
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RECLBL LIBRARY
DATA’INPUT
USER SUPPLIED 
GETUM  
SPECIAL ROUTINES 
FOR PHANTOM  
GENERATION 
PHANL 
PJECT 
PHAN 
CBARP 
PIE
PARAMETER INPUTS 
PARAMETER ARRAYS 
IPAR 
PAR
SETUP ROUTINE 
SETUP
PROJECTORS
PCD
PCDA
PCDF
PLL
PPT
PPTA
PPTF
PRF
PRFA
PRFF
FILTERS
BUTER
HAM
HAN
PAR2N
RAMP
RECONSTRUCTION
ALGORITHMS
BJECT
BKFIL
CONGR
CONVO
ENTPY
FILBK
GRADY
GVERS
MARR
SPECIAL ROUTINES 
FOR ATTENUATION  
CORRECTION  
EVATN 
EVATU
OUTPUT
ARRAY
BOOM
USER
XYGRF
CONVOLVERS
LAKS
RALA
SHLO
XB L778-3T56
A block diagram of the structure of the RECLBL library.
Program card (machine/compiler dependent) , . . .
Reconstruction array and uncertainties ...........
Array of projection angles...........................
Working space in blank common (see section 111.3)
Output file and flag for number of characters per 
line (see section III.l) .............................
Integer and real parameter arrays
(see sections III.2 and III.3)........................
Back-projection and convolution subroutines that 
are passed as externals (see section V.2) . . . .
Output file (see section III.l) ..................
Output line length flag (see section III.l) . .
Input parameters (see sections III.2 and III.3). .<
Reconstructs the array X using the convolution 
algorithm (see section V for a description of all 
the reconstruction algorithms ........................
Displays the reconstructed array X
(see section IV.3)........................................
Data Input routine (see section III.4) ...........
M is the angle index, DATA is
the projection data array, and
ERR is an array of projection errors.
PROGRAM MAIN ( )
DIMENSION X("NDIMU\,INDIMU,,),E("NDIMU,"NDIMU") 
DIMENSION ANG("NANG")
COMMON WORK(2000)
COMMON/OUTCOM/LUNOUT,180132
DIMENSION IPAR(12),PAR(3)
EQUIVALENCE (NDIMU ,IPAR( 1)),(ICIR ,IPAR( 2)),(IGEOM ,IPAR( 3)),
1 NANG , IPAR( 4 ) ) , (MOOANG,IPAR( 5 ) ) , (KDIMU ,IPAR 6 ) ) ,
2 (IMIT ,IPAR 7)),(NWORK ,IPAR( 8 ), (NFLOAT,IPAR( 9)),
3 (ISTORE,IPAR(IO)) , ( IPRINT,IPAR{11)),(LUNATN,IPAR(12)),
4 (PWID , PAR( 1)),(AX1SU , PAR( 2)),(RFAN , PAR( 3))
EXTERNAL BCK.CNV
LUN0UT=
180132=
N0IMU= ,
ICIR=
IGE0M= ,
NANG= .,
M0DANG=
KDIMU= .
IMIT = ..
NWORK= .
NFL0AT=
IST0RE=
IPRINT=
LUNATN=
PWID= ..
AXISU= .
RFAN= ..
CALL SETUP(IPAR,PAR,ANG)
CALL C0NV0(X,E,CNV,BCK,1)
CALL ARRAY(X,NOIMU)
END
SUBROUTINE GETUM(M,OATA,ERR)
DIMENSION 0ATA(1),ERR(1)
(Here is where data and errors for the Mth projection are supplied by 
the user; see section III.4 and examples in section IX.)
RETURN
END
F i g .  6 .2 A skeleton programme to show recommended user programme structure.
1 0 0
r e c o n s t r u c t e d  (3  p a r a m e t e r s ) , t h o s e  t h a t  d e s c r i b e  t h e  
p r o j e c t i o n  d a t a  t h a t  i s  t o  b e  i n p u t  (7  p a r a m e t e r s ) , t h o s e  
t h a t  d e s c r i b e  t h e  c o m p u t a t i o n a l  e n v i r o n m e n t  i n  w h ic h  t h e  
r e c o n s t r u c t i o n  w i l l  b e  c a r r i e d  o u t  (4  p a r a m e t e r s )  a n d  t h o s e  
t h a t  c o n t r o l  t h e  o u t p u t  r e c e i v e d  f r o m  t h e  l i b r a r y  (3  
p a r a m e t e r s )  .
T h e  f i r s t  t h r e e  p a r a m e t e r s  a r e  N D IM U , I C I R  a n d  P W ID . 
T h e  v a l u e  f o r  NDIM U i s  u s u a l l y  r e l a t e d  t o  t h e  e x p e c t e d  
r e s o l u t i o n  i n  t h e  im a g e .  I f  a  p i x e l  i s  c h o s e n  m uch  s m a l l e r  
t h a n  t h e  o b t a i n a b l e  r e s o l u t i o n ,  t h e  l i b r a r y  m ay  c a l c u l a t e  
v a l u e s  t h a t  d o  n o t  h a v e  p h y s i c a l  s i g n i f i c a n c e  a n d  w i l l  c o s t  
t h e  u s e r  m em o ry  s p a c e  a n d  c o m p u t a t i o n  t i m e .  I f  t h e  p i x e l  
s i z e  i s  c h o s e n  m uch l a r g e r  t h a n  t h e  r e s o l u t i o n ,  t h e n  t h e  
r e s o l u t i o n  i s  l o s t .  T h e  p a r a m e t e r  I C I R  c a n  s a v e  t h e  u s e r  
m em o ry  s p a c e  a n d  e x e c u t i o n  t i m e .  I f  t h e  o b j e c t  t o  b e  
r e c o n s t r u c t e d  f i t s  e n t i r e l y  w i t h i n  a  c i r c u l a r  d o m a in  o f  
d i a m e t e r  4  N D IM U , t h e n  I C I R  s h o u ld  b e  s e t  t o  ' o ' .  I t  i s  
i m p o r t a n t  t o  n o t e  t h a t  t h e  e n t i r e  o b j e c t  t o  b e  im a g e d  m u s t  
l i e  w i t h i n  t h e  NDIM U x  NDIM U a r r a y .  T h e  p a r a m e t e r  PW ID  
g i v e s  t h e  w i d t h  o f  a  p i x e l  i n  p r o j e c t i o n  b i n  u n i t s .  F o r  
t h e  m o s t  e f f i c i e n t  u s e  o f  m em o ry  P W ID ^ K D IM U / N D IM U  w h e r e  i n  
m o s t  c a s e s  KDIM U i s  f i x e d  b y  t h e  d a t a  c o l l e c t i o n  g e o m e t r y .  
T h e  k n o w le d g e  o f  PW ID  a n d  NDIM U w i l l  d i c t a t e  t h e  r e q u i r e d  
s p a t i a l  s a m p l in g .
T h e  s e c o n d  s e t  o f  SE TU P  p a r a m e t e r s  d e s c r i b e s  h ow  t h e  
p r o j e c t i o n  d a t a  w e r e  c o l l e c t e d  f o r  t h e  n u m b e r  o f  a n g l e s ,  
N AN G . MODANG i s  a  c o d e d  p a r a m e t e r  t h a t  d e f i n e s  t h e  
i n i t i a l  a n g l e ,  a n g u l a r  i n c r e m e n t  a n d  a n g u l a r  r a n g e  o f  t h e  
NANG a n g l e s .  f o r  MODANG =  0 o r  1 , t h e  u s e r  s u p p l i e s
p r o j e c t i o n  a n g l e s  e q u a l l y  s p a c e d  o v e r  ir o r  2 n  r a d i a n s .  T h e  
KDIM U i s  t h e  p a r a m e t e r  d e s c r i b i n g  s p a t i a l  s a m p l i n g  a n d  
r e p r e s e n t s  t h e  n u m b e r  o f  p r o j e c t i o n  b i n s  i n  e a c h  
p r o j e c t i o n .  I M I T  i n d i c a t e s  w h e t h e r  t o  r e c o n s t r u c t  e m i s s i o n  
( i e  -  I M I T  =  0 )  o r  t r a n s m i s s i o n  d a t a  ( i e - I M I T  =  1 )  . A X IS  
d e s c r i b e s  w h e r e  i n  t h e  p r o j e c t i o n  a r r a y  t h e  a x i s  o f  
( r o t a t i o n  i s  p r o j e c t e d .  T h e  r o t a t i o n  a x i s  i s  d e f i n e d  t o  b e  
i n  t h e  e x a c t  c e n t r e  o f  NDIM U x  NDIM U r e c o n s t r u c t i o n  g r i d  
( i e - A X I S U  =  (K D IM U  +  l ) / 2 )  . I t  i s  v e r y  i m p o r t a n t  t o  l o c a t e  
t h e  A x i s  o f  r o t a t i o n  a s  a c c u r a t e l y  a s  p o s s i b l e  ( t o  a
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p r e c i s i o n  o f  l e s s  t h a n  1 b i n  i f  p o s s i b l e )  , s i n c e  e v e n  s m a l l  
e r r o r s  m ay c a u s e  a r t i f a c t s  i n  t h e  r e c o n s t r u c t i o n .  RFAN  i s  
t h e  d i s t a n c e  f r o m  t h e  f a n  b ea m  s o u r c e  t o  t h e  c e n t r e  o f  
r o t a t i o n  a n d  i s  o n l y  m e a n in g f u l  u n d e r  f a n - b e a m  g e o m e t r y  
c o n d i t i o n s .  I t  i s  m e a s u r e d  i n  t e r m s  o f  p r o j e c t i o n  b i n  
w i d t h .
T h e  t h i r d  g r o u p  o f  SE TU P p a r a m e t e r s  d e s c r i b e s  t h e  
c o m p u t a t i o n a l  e n v i r o n m e n t  i n  w h ic h  t h e  r e c o n s t r u c t i o n  i s  
t o  b e  c a r r i e d  o u t .  NWORK i s  t h e  n u m b er  o f  f l o a t i n g  p o i n t  
v a r i a b l e s  t h a t  h a v e  b e e n  p r o v i d e d  a s  w o r k in g  s p a c e  f o r  t h e  
l i b r a r y  a n d  m u s t  b e  s e t  b y  u s e r .  T h e  m in im u m  v a l u e  o f  t h i s  
p a r a m e t e r  m ay b e  d e t e r m in e d  b y  r u n n in g  a  1 s t o r a g e  s i z e  
t e s t 1 . N FLO AT i s  t h e  n u m b er  o f  c o m p u t e r  w o r d s  r e q u i r e d  f o r  
t h e  s t o r a g e  o f  a  s i n g l e  f l o a t i n g  p o i n t  v a r i a b l e  ( e g .  i f  t h e  
c o m p u t e r  h a s  1 6 - b i t  w o r d s  a n d  f l o a t i n g  p o i n t  v a r i a b l e s  a r e  
r e p r e s e n t e d  i n  32 b i t s ,  t h e n  N F LO T  =  2 )  . LUNOUT a n d  LU NATN  
a r e  l o g i c a l  u n i t  n u m b e rs  f o r  p r i n t e d  o u t p u t  a n d  a t t e n u a t i o n  
f a c t o r  s c r a t c h  s t o r a g e ,  r e s p e c t i v e l y  ( e g .  6 ,  7 ,  7 e t c ) .
T h e  l i b r a r y  c o m m u n ic a t e s  w i t h  t h e  u s e r  v i a  t h e s e  f i l e s .
T h e  f o u r t h  g r o u p  o f  s e t u p  p a r a m e t e r s  g o v e r n s  t h e  
e x e c u t i o n  o f  t h e  r e c o n s t r u c t i o n  a n d  t h e  f o r m a t  o f  t h e  
o u t p u t .  IS T O R E  m ay b e  u s e d  t o  im p le m e n t  a  ‘ s t o r a g e  s i z e  
t e s t '  t o  d e t e r m in e  t h e  a m o u n t o f  NWORK t h a t  i s  n e e d e d  f o r  
t h e  r e c o n s t r u c t i o n ,  t o  p e r f o r m  a  r e c o n s t r u c t i o n  s e t  IS T O R E  
=  0 ,  o t h e r w i s e  t h e  t e s t  i s  p e r f o r m e d .  I P R IN T  i s  a  f l a g  
( i . e .  c o n t a i n s  s i x  1 - b i t  p r i n t  f l a g s )  t h a t  i n d i c a t e s  t h e  
v a r i o u s  p r i n t  o p t i o n s  f o r  o u t p u t  o n t o  t h e  l o g i c a l  u n i t  
g i v e n  b y  LUNOUT. 1 8 0 1 3 2  i s  a  f l a g  t h a t  d e t e r m i n e s  t h e  
w i d t h  o f  t h e  o u t p u t  ( e i t h e r  80  o r  132  c h a r a c t e r / l i n e ) .
T h e  s e c o n d  p h a s e  o f  e x e c u t i o n  i s  r e c o n s t r u c t i o n .  
S e v e r a l  c o n s i d e r a t i o n s  m u s t  foe m a d e  a t  t h i s  p o i n t .  F i r s t ,  
i f  a t t e n u a t i o n  c o m p e n s a t i o n  i s  t o  b e  d o n e  d u r i n g  t h e  
r e c o n s t r u c t i o n ,  a t t e n u a t i o n  f a c t o r s  m u s t  b e  c a l c u l a t e d  
u s i n g  t h e  r o u t i n e s  EVATN  o r  EVATU  ( f u r t h e r  d e t a i l s  a r e  
g i v e n  b e l o w ) . T h e  n e x t  s t e p  i s  t o  d e t e r m i n e  w h a t  t y p e  o f  
, w e i g h t i n g  m o d e l  o r  w h a t  t y p e  o f  f i l t e r  o r  c o n v o l u t i o n  
f u n c t i o n  i s  t o  b e  u s e d .  T h e  f i n a l  s t e p  i s  t o  i n p u t  t h e  
p r o j e c t i o n  d a t a  ( i . e .  s i m u l a t e d  d a t a  o r  r e a l  d a t a )  a n d  t h e n  
c h o o s e  o n e  o f  t h e  a v a i l a b l e  r e c o n s t r u c t i o n  a l g o r i t h m s  ( s e e
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6 . 1 . 2 )  .
I  IN C O R P O R A T IO N  OF A T T E N U A T IO N
T r a n s v e r s e  s e c t i o n  e m i s s i o n  im a g in g  w i t h  SPE C T o r  
p o s i t r o n  e m i s s i o n  t o m o g r a p h y  (P E T )  r e q u i r e s  c o m p e n s a t in g  
f o r  a t t e n u a t i o n  e f f e c t s .  f o r  P E T , t h e  u s e r  s h o u ld  f i r s t  
c o r r e c t  t h e  m e a s u r e d  p r o j e c t i o n  d a t a  b y  m u l t i p l y i n g  t h e  
s a m p le d  p r o j e c t i o n  d a t a  b y  e x p  ( J m ( x ) d x )  , w h e r e  J jU (x )  d x  
i s  t h e  c o r r e s p o n d i n g  L in e  i n t e g r a l  o f  a t t e n u a t i o n  
c o e f f i c i e n t s  a n d  t r a n s v e r s e  s e c t i o n  c a n  t h e n  b e  
r e c o n s t r u c t e d  u s i n g  o n e  o f  t h e  a v a i l a b l e  a l g o r i t h m s .  F o r  
S P E C T , t h e  u s e r  c a n  c o m p e n s a t e  f o r  a t t e n u a t i o n  b y  u s i n g  
a t t e n u a t i o n  c o e f f i c i e n t s ,  w h ic h  c a n  b e  d e t e r m i n e d  f r o m  a  
t r a n s m i s s i o n  e x p e r i m e n t ,  o r  m ay b e  a s s u m e d  c o n s t a n t .  T h e  
a t t e n u a t i o n  c o r r e c t i o n  s c h e m e s  u s e d  i n  t h e  l i b r a r y  a s s u m e  
t h a t  t h e  p r o j e c t i o n  d a t a  f o r  t h e  t r a n s v e r s e  s e c t i o n  a r e  t h e  
s u m m a t io n  o f  p i x e l  c o n c e n t r a t i o n s  a t t e n u a t e d  b y  a  f a c t o r  
t h a t  i s  a  f u n c t i o n  o f  a t t e n u a t i o n  b e t w e e n  t h e  p i x e l  a n d  t h e  
e d g e  o f  t h e  o b j e c t .  T h e  p r o j e c t i o n  P ( 1 , 0 )  i s  r e p r e s e n t e d  
b y
P ( l , 8 )  =  S j j F i j V j j  X jj ( 6 . 1 )
w h e r e  Fj,® a r e  w e i g h t i n g  f a c t o r s  a n d  A,-,® a r e  t h e  a t t e n u a t i o n  
f a c t o r s .
I I  ALG O RITH M  T IM IN G
C e n t r a l  p r o c e s s o r  t i m e  (C P T )  f o r  r e c o n s t r u c t i n g  a 
c i r c u l a r  a r r a y  f r o m  36 p r o j e c t i o n  a n g l e s ,  f o r  v a r i o u s  
c o m b in a t i o n s  o f  r e c o n s t r u c t i o n  a l g o r i t h m  a n d  b a c k -  
p r o j e c t i o n  s u b r o u t i n e s ,  u s i n g  t h e  CDC 7 6 0 0  c o m p u t e r  a t  t h e  
L a w r e n c e  B e r k e l e y  L a b o r a t o r y  a r e  g i v e n  i n  t a b l e  ( 6 . 1 ) .  T h e  
t i m e s  s h o u ld  b e  u s e d  a s  a  r e l a t i v e  m e a s u r e  a n d  n o t  a s  a n  
i a b s o l u t e  m e a s u r e  o f  a l g o r i t h m  s p e e d ,  s i n c e  s jb e e d  i s  a 
f u n c t i o n  o f  t h e  c o m p i l e r  a n d  t h e  t y p e  o f  c o m p u t e r  u s e d .  
T h e  s p e e d  o f  t h e  a l g o r i t h m s  B J E C T , CONGR, E N T P Y  a n d  GRADY 
w e r e  d e t e r m i n e d  e n t i r e l y  b y  t h e  s p e e d  o f  t h e  p r o j e c t i o n  a n d
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b a c k - p r o j e c t i o n  s u b r o u t i n e s .  A  m a jo r  p a r t  o f  t h e  e f f o r t  o f  
d e v e l o p i n g  t h e  l i b r a r y  w a s  s p e n t  i n  o p t i m i s i n g  t h e  c o d e  f o r  
t h e s e  s u b r o u t i n e s .  T h e  s p e e d  o f  t h o s e  a l g o r i t h m s  u s e d  i n  
t h i s  s t u d y  u t i l i s i n g  t h e  PR IM E  c o m p u t e r  w a s  m e a s u r e d  b y  t h e  
a u t h o r  ( s e e  c h a p t e r  3 ,  s e c t i o n  3 . 4 ) .  S i n c e  t h e  PR IM E  i s  a n  
8 b i t -  c o m p u t e r ,  t h e  c o m p u t a t i o n  t i m e  i s  m o r e  l e n g t h y  
c o m p a r e d  w i t h  t h e  CDC 7 6 0 0  i n  t a b l e  ( 6 . 1 )  a n d  i t  i s  
s u g g e s t e d  t h a t  t h e  p r o g r a m  s h o u ld  b e  r u n  o n  BATCH m od e  ( s e e  
PR IM E  m a n u a l )  w h ic h  a l l o w s  t h e  u s e r  t o  u s e  t h e  a v a i l a b l e  
t e r m i n a l  f o r  o t h e r  i n t e r a c t i v e  w o r k .  H o w e v e r ,  t h e  
r e c o n s t r u c t i o n  a l g o r i t h m ,  GRADY w a s  t e s t e d  o n  a  CRAY 
m a c h in e  a t  t h e  U n i v e r s i t y  o f  L o n d o n  C o m p u t in g  C e n t r e  (U L C C ) 
a n d  t h e  c e n t r a l  p r o c e s s o r  t i m e  m e a s u r e d ,  w a s  f o u n d  t o  b e  
5 9 s .  w h ic h  i n  c o m p a r i s o n  w i t h  t h e  PR IM E  i s  m uch f a s t e r .  
H o w e v e r ,  t h e  l i m i t e d  a c c e s s  t o  t h e  CRAY w a s  t h e  m a in  r e a s o n  
t o  u s e  PR IM E  f o r  t h e  e x t e n s i v e  r e c o n s t r u c t i o n  s t u d y  o f  
s i m u l a t e d  a n d  r e a l  d a t a .
6 . I . 3 . 2 .  D ATA IN P U T  AND PHANTOM G EN E RATIO N
D a ta  c a n  b e  i n p u t  t o  R E C LB L f o r  r e c o n s t r u c t i o n  f r o m  
t w o  d i f f e r e n t  s o u r c e s .
F i r s t ,  s i m u l a t e d  p h a n to m s  o f  c o n s i d e r a b l e  c o m p l e x i t y  ( a n y  
p h a n to m  c o m p o s e d  o f  e l l i p s e s  a n d  r e c t a n g l e s )  c a n  b e  d e f i n e d  
a n d  p r o j e c t i o n  d a t a  c a n  t h e o r e t i c a l l y  b e  c o l l e c t e d  f r o m  
th e m . T h e  g e n e r a l  p h a n to m  g e n e r a t i n g  i s  a c h i e v e d  u s i n g  t h e  
s u b r o u t i n e s  PHAN a n d  P H A N L , w h e r e  PHAN g e n e r a t e s  o n l y  a  
p i x e l i z e d  im a g e  o f  a  p h a n to m  b u t ,  PH A N L  g e n e r a t e s  
a n a l y t i c a l  p r o j e c t i o n s  o f  t h e  p h a n to m  t h a t  PHAN c a n  
g e n e r a t e .  T h e  p h a n to m s  a r e  d e f i n e d  i n  a  s q u a r e  a r r a y  a n d  
s i z e ,  p o s i t i o n ,  o r i e n t a t i o n  a n d  d e n s i t y  o f  p h a n to m s  a r e  
d e f i n e d  b y  t h e  u s e r .  T h e  s i z e  o f  t h e  s q u a r e  m a t r i x  a n d  
p h a n to m s  a r e  d e f i n e d  i n  t e r m s  o f  P W ID . W hen t h e  e d g e s  o f  
a  p h a n to m  d o e s  n o t  c o i n c i d e  e x a c t l y  w i t h  t h e  b o u n d a r y  o f  a  
p i x e l ,  t h e  s u b r o u t i n e s  PHAN a n d  PH ANL d i v i d e  e a c h  b o r d e r  
, p i x e l  i n t o  p i x e l l e t s  ( IN T G  x  I N T G ) , e a c h  o f  w h i c h l i s  t e s t e d  
f o r  ' i n s i d e n e s s ' a n d  t h e  f i n a l  v a l u e  g i v e n  t o  t h e  p i x e l  i s  
t h e  f u l l  v a l u e  t i m e s  t h e  f r a c t i o n  o f  p i x e l e t t e s  fo u n d  
i n s i d e  t h e  p h a n to m . T h i s  b o r d e r  ' i n t e g r a t i o n 1 g i v e s  t h e
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^''""—-^Reconstruction Subroutine 
Back-Projection Subroutines"^ "—- BJECT BKFIL
CONGR 
for 10 
Iterations CONVO
ENTPY 
for 10 
Iterations FILBK
GRADY 
for 10 
Iterations
Parallel Beam
BPT 0.19 0.45 1.43 0.44 7.76 0.79 1.42
BCD 0.25 0.53 2.65 0.53 16.24 1.06 2.73
BIN 0.26 0.54 0.52 1.14
BLL 0.36 0.64 5.41 0.62 31.70 1.52 5.53
8RF 0.32 0.61 4.28 0.63 23.98 1.38 4.32
Fan Beam Curved Detector
BPTF 0.55 9.51 53.45 9.88
BPTF2 0.55 2.68
BCDF 0.94 17.75 102.6 17.96
BCDF2 1.00 4.80
BINF 0.54 0.91
BRFF 2.57 52.87 310.2 54.01
BRFF2 2.58 13.28
Fan Beam Flat Detector
BPTF 0.27 3.29 17.98 3.25
BPTF2 0.47 2.03
BCDF 1.47 30.16 169.8 30.19
BCDF2 1.54 8.36
BINF 0.36 0.76
BRFF 3.26 68.83 388.1 68.48
BRFF2 3.35 18.31
Attenuation Correction
BPTA 0.23 2.21 2.25
8CDA 0.29 3.80 3.72
BRFA 0.37 5.37 5.35
Other Reconstruction 
Subroutines
GVERS *
MARR 2.23
Special Routines for 
Attenuation Correction
EVATN 2.94
EVATU 3.02
*Timing could not be measured since the memory required to reconstruct a 32 x 32 array is larger than 170 K, 
which is the memory size of the CDC 7600 computer at the Lawrence Berkeley Laboratory.
T a b l e  6 . 1  C.P.T in seconds for 32 x 32 circular array and 36 projections.
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image a sm oother appearance . The suggested  v a lu e  f o r  INTG 
i s  10. There  e x is t  a f a c i l i t y  to  in p u t  a s c a l in g  f a c t o r  
f o r  th e  d e n s it ie s  (o r a t te n u a t io n  c o e f f i c ie n t s )  f o r  each 
phantom. For t ra n s m is s io n  tom ography th e  f a c t o r  i s  in  
u n i t s  o f  in v e rs e  p r o je c t io n  b in  w id th  (o r p ix e l  w id t h ) , 
w h ich  ta k e s  accoun t o f  changes in  a t te n u a t io n  co rre sp o n d in g  
t o  d i f f e r e n t  photon  e n e rg ie s .  For e m is s io n  s tu d ie s ,  th e  
f a c t o r  i s  in  u n it s  o f  in v e r s e  b in  w id th  (o r p ix e l  w id th ) 
squared  w h ich  depends on r e q u ir e d  c o n c e n t ra t io n .
S e c o n d ,  r e a l  p r o j e c t i o n  d a t a  f r o m  a  s c a n n e r  o r  gam m a- 
c a m e r a  c a n  b e  p u t  i n d i r e c t l y ,  a l o n g  w i t h  t h e  s p e c i f i c a t i o n  
o f  s c a n  s e t u p  s u c h  a s :  p r o j e c t i o n  n u m b e r , n u m b e r  o f  r a y s u m s
i n  e a c h  p r o j e c t i o n ,  s t e p  l e n g t h  a n d  e m i s s i o n  o r  
t r a n s m i s s i o n  m od e  w h ic h  h a v e  b e e n  d e s c r i b e d  p r e v i o u s l y .  I n  
t h e  c a s e  o f  a  t r a n s m i s s i o n  s t u d y ,  d a t a  s h o u ld  b e  m o d i f i e d  
a n d  r e p r e s e n t e d  a s  t h e  l i n e  i n t e g r a l  o f  a t t e n u a t i o n  
c o e f f i c i e n t s  o v e r  t h e  t o t a l  r a y  p a t h :
w h e r e  I  a n d  I 0 a r e  t h e  t r a n s m i t t e d  b ea m  i n t e n s i t y  a n d  
i n c i d e n t  b eam  i n t e n s i t y ,  r e s p e c t i v e l y .  T o  i n p u t  t h e  r e a l  
d a t a  i n  c o r r e c t  f o r m a t  a  p r o g r a m m e  w a s  w r i t t e n  b y  t h e  
a u t h o r , w h i c h  r e a d  i n  t h e  d a t a  o n e  a n g l e  a t  a  t i m e .  F i g u r e
( 6 . 3 )  i s  a  g e n e r a t e d  p h a n to m  w i t h  r e q u i r e d  p h a n to m  
p a r a m e t e r s  a n d  s c a n  i n f o r m a t i o n  f o r  a n  e m i s s i o n  s t u d y .
6 .1 .3 .3S  OUTPUT AND D IS P L A Y .
T h e  l i b r a r y  p r o v i d e s  t h e  t w o  d i s p l a y  r o u t i n e s  ARRAY 
a n d  X Y G R F . T h e  A R R AY  p r o v i d e s  . t w o  d i m e n s i o n a l  g r a y ­
s c a l e  im a g e s ,  u s i n g  a n  o v e r p r i n t i n g  t e c h n i q u e .  T h i s  
t e c h n i q u e  g i v e s  a  r o u g h  a n d  r e a d y  v i s u a l  a s s e s s m e n t  o f  t h e  
r e c o n s t r u c t e d  im a g e s ,  b u t  t h e  c o n t r a s t  i s  p o o r .  T h e  XYGRF 
p r o d u c e s  a  p l o t  o f  i n t e n s i t i e s  f o r  o n e  d i m e n s i o n a l  s l i c e s  
( t h r o u g h  t w o  d i m e n s i o n a l  a r r a y s .  M o r e  d e t a i l e d  s t a t i s t i c a l  
a n a l y s i s  o f  r e c o n s t r u c t e d  im a g e s  w a s  a c h i e v e d  b y  
t r a n s f e r r i n g  t h e  o u t p u t  d a t a  v i a  K E R M IT  t o  a  BBC m i c r o ­
c o m p u t e r ,  w h e r e  a  p a c k a g e  p r o g r a m m e  1P L U T O S B ' ( i . e .
( 6 . 2 )
1 0 6
u n iv c p s i t y  or i u w r  
MCX
Object x-Pos. Y-Pos. x-Dim. y-Dim. Ang. Density
0. 0.0 28.0 36.5 0° 2.0
0. -0.7 25.0 32.5 0° -0.98
4.15 0 3.75 11.5 -45° -0.02
-4.15 0 6.0 15.5 45° -0.02
0. 6.5 8.0 9.5 0° 0.01
0. 1.85 1.75 1.5 0° 0.01
0. -1.85 1.75 1.5 0° 0.02
-1.5 -11.5 1.75 0.85 0° 0.01
0. -11.5 0.85 0.85 0° 0.01
-1.15 -11.5 0.85 1.5 0° 0.01
-10 -7.25 4.15 7.5 -45 0.03
Scan Information:
No. of angle (NANG) - 64/360°
No. of raysum for each angle (NDIM) - 64 
Integration factor 10 
Sealing factor 1
PWID 1
Fig. 6.3 An example of a phantom generated and required parameters.
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a p p e n d ix  B ) w a s  u s e d  t o  d i s p l a y  t h e  im a g e s  o n  t h e  h i g h  
r e s o l u t i o n  (640 x  576 ) c o l o u r  m o n i t o r .
6.2S IMAGE QUALITY EVALUATION
T h e  q u a l i t y  a n d  q u a n t i f i c a t i o n  o f  g a m m a - r a y  e m i s s i o n  
t o m o g r a p h i c  im a g e s ,  r e p r e s e n t i n g  t h e  d i s t r i b u t i o n  o f  t h e  
r a d i o n u c l i d e  c o n c e n t r a t i o n  i n  a n  o b j e c t  a r e  a f f e c t e d  b y  
f a c t o r s  s u c h  a s ,  r e c o n s t r u c t i o n  a l g o r i t h m ,  a t t e n u a t i o n ,  
s c a t t e r i n g ,  a n g u l a r  a n d  s p a t i a l  s a m p l i n g ,  n o i s e .  T h e s e  
f a c t o r s  h a v e  b e e n  d i s c u s s e d  i n  p r e v i o u s  c h a p t e r s  (3  , 4 ) .  
H e r e  t h e  a im  i s  t o  d e f i n e  a  p r o c e d u r e  t o  e n a b l e  a n d  t o  
f a c i l i t a t e  t h e  e v a l u a t i o n  a n d  c o m p a r i s o n  o f  t h e  im a g e s  
r e c o n s t r u c t e d .
Im a g e  q u a l i t y  i n  g e n e r a l  i s  r e l a t e d  q u a l i t i t a t i v e l y  
t o  s h a r p n e s s  a n d  c o n t r a s t .  T h e  s h a r p n e s s  r e f e r s  t o  t h e  
s p a t i a l  e x t e n t  o f  t h e  im a g e  r e p r e s e n t a t i o n  o f  a  s h a r p  
b o u n d a r y  b e t w e e n  t w o  d i f f e r e n t  r e g i o n s  o f  o b j e c t .  T h e  
c o n t r a s t  i s  e x p r e s s e d  i n  t e r m s  o f  t h e  d i f f e r e n c e  i n  t h e  
im a g e  d e n s i t y  l e v e l s  o f  t w o  o b j e c t s  w h ic h  a r e  p h y s i c a l l y  
d i f f e r e n t  a s  r e g a r d s  t h e  p r o p e r t i e s  o f  i n t e r e s t .
Q u a l i t y  o f  a n  im a g e  c a n  b e  a s s e s s e d  d i r e c t l y  b y  
c o m p a r i s o n  o f  t h e  c o l o u r  v a r i a t i o n s  i n  t h e  im a g e  o b t a i n e d  
w i t h  t h e  i d e a l  o r  e x p e c t e d  im a g e .  T h i s  p r o c e d u r e ,  h o w e v e r ,  
i s  d i f f i c u l t  t o  r e p r e s e n t  i n  q u a n t i t a t i v e  t e r m s ,  a n d  m ay b e  
i n f l u e n c e d  b y  p s y c h o l o g i c a l  p a r a m e t e r s  ( e g .  ' a  p r i o r i 7 
i n f o r m a t i o n  g i v e n  t o  o b s e r v e r ) . T h e  q u a l i t y  o f  a n  im a g e  
c a n  b e  c h a r a c t e r i s e d  q u a n t i t a t i v e l y  b y  c o m p a r in g  t h e  a c t u a l  
im a g e  w i t h  t h e  i d e a l  im a g e .  T h e  i d e a l  o r  e x p e c t e d  im a g e  
c a n  b e  o b t a i n e d  b y  ( a )  -  r e c o n s t r u c t i o n  o f  a  m o d e l
t h e o r e t i c a l l y  ( b )  -  b y  c o n s t r u c t i n g  a  m o d e l  f r o m  t h e  a c t u a l  
im a g e ,  a s s u m in g  t h e r e  i s  n o  d e g r a d a t i o n  i n  t h e  im a g e ,  s u c h  
a s  n o i s e  a r t i f a c t  a n d  a t t e n u a t i o n  e f f e c t .  T h e  l a t t e r  
m e th o d  i s  e a s y  t o  u s e  w h en  t h e  o b j e c t  h a s  s i m p l e  g e o m e t r y  
a n d  d i s t r i b u t i o n  i s  h o m o g e n e o u s .  T h e  f i r s t  m e t h o d ,b a s e d  on  
, c o m p u t e r  p h a n to m  s i m u l a t i o n  w a s  e m p lo y e d  t o  g e n e r a t e  s i m p l e  
a n d  c o m p l i c a t e d  p h a n to m  g e o m e t r y  f o r  t h e  p u r p o s e  o f  t h i s  
w o r k .  F u r t h e r  d e t a i l s  o f  t h i s  m e th o d  c a n  b e  f o u n d  i n  t h e  
R E C LB L  (HUE 7 7 ) .
1 0 8
D i f f e r e n t  t e c h n i q u e s  o f  m e a s u r in g  im a g e  q u a l i t y  h a v e  
b e e n  s u g g e s t e d ,  b u t  n o  o n e  m e a s u r e  h a s  g a i n e d  g e n e r a l  
a c c e p t a n c e .  T h e  f o l l o w i n g  a r e  t h e  m e th o d s  w h ic h  w e r e  u s e d  
a n d  t h e i r  b e h a v i o u r  e x a m in e d .
I  F i d e l i t y :  T h e  m ea n  s q u a r e  d i f f e r e n c e  b e t w e e n  t h e
a c t u a l  im a g e  P ( i , j )  a n d  t h e  i d e a l  im a g e  P * ( i , j )  c a n  b e  g i v e n  
a s :
P ( i , j )  -  P  ( i , j ) |  2/ N  ( 6 . 3 )
L i n f o r t  ( L I N  6 0 ) d e f i n e d  t h e  f i d e l i t y  d e f e c t  o f  a n  im a g e  
b y  n o r m a l i s i n g  t h e  q u a n t i t y ,  e q u . ( 6 . 3 )  t o  p r o d u c e
S iS j [ P  ( i , j )  -  P * ( i , j ) ] 2 ( 6 . 4 )
S ,S j P* ( i ,  j  ) 2 
t h e  f i d e l i t y  o f  t h e  im a g e  i s  t h e n
Z j S j  [  P ( i ,  j )  -  P* ( i , j ) ] 2 ( 6 . 5 )
Q f  -  1  -     ------------------
S ,S , P* ( i , j ) 2
I I  C o r r e l a t i o n :  T h i s  f a c t o r  i s  b a s e d  o n  t h e
c o r r e l a t i o n  b e t w e e n  a c t u a l  im a g e  a n d  i d e a l  im a g e
S fS j  [ P ( i ,  j ) o P*  ( i , j  ) ]
Qc =  -----------------------------------------------------------------  ( 6 * 6 )
P* ( i , j ) 2
t h e  Qf a n d  Qc t a k e  v a l u e s  b e t w e e n  0 a n d  1 .
I I I  O v e r a l l  n e a r n e s s  ( 6 ) :  T h i s  m e a s u r e s  t h e
c l o s e s n e s s  o f  a  r e c o n s t r u c t e d  im a g e  t o  a n  i d e a l  im a g e  a n d  
w a s  s u g g e s t e d  b y  G i l b e r t  ( G I L  7 2 )  . I t  i s  s i m i l a r  t o  t h e  
d i s t a n c e  m e a s u r e m e n t  s u g g e s t e d  b y  H erm a n  (H E R  76 ) ,  b u t  n o t
, i d e n t i c a l  a n d  e m p h a s is e s  t h e  im p o r t a n c e  o f  l a r g e ) e r r o r s  i n  
t h e  r e c o n s t r u c t i o n .  T h e  s m a l l e r  v a l u e  o f  ' <S' i n d i c a t e s  a 
b e t t e r  q u a l i t y  im a g e .
1 0 9
6 =
S j S j  [  P * ( i , j )  -  P ( i , j ) ] 2
2 ,2 ,  [ P  ( i f j )  -  P  ]
( 6 . 7 )
T h e  v a l u e  o f  ' 6 '  i s  g r e a t e r  t h a n  1 i f  a n d  o n l y  i f  t h e  
r e c o n s t r u c t i o n  im a g e  i s  f a r  f r o m  t h e  i d e a l  im a g e .
V  A b s o l u t e  n e a r n e s s  ( r ) : T h i s  m e a s u r e s  t h e  n e a r n e s s
b e t w e e n  a n  i d e a l  im a g e  a n d  a  r e c o n s t r u c t e d  im a g e  a n d  
e m p h a s is e s  t h e  p r e s e n c e  o f  s m a l l  e r r o r s  i n  t h e
r e c o n s t r u c t i o n  r a t h e r  t h a n  a  f e w  l a r g e  e r r o r s .  I t  w a s  
f i r s t  s u g g e s t e d  b y  H erm a n  (H E R  7 6 ) .
2 . 2 . 
i J P  ( i , j )  -  P ( i , j )
r  =
2 - 2 - i j P  ( i / j )
( 6 . 8 )
T h e  s m a l l e r  v a l u e  o f  r  i n d i c a t e s  a  b e t t e r  r e c o n s t r u c t i o n .  
V I  S p a t i a l  r e s o l u t i o n :  A n o t h e r  p a r a m e t e r  o f  im a g e
q u a l i t y  i n  s p a t i a l  r e s o l u t i o n  w h ic h  c a n  b e  r e g a r d e d  a s  t h e  
m in im u m  s e p a r a t i o n  o f  t w o  j u s t  d i s t i n g u i s h a b l e  p o i n t s  o f  
t h e  o b j e c t .  I t  c a n  b e  c h a r a c t e r i s e d  q u a n t i t a t i v e l y  b y  t h e  
P S F ,  t h e  L S F  a n d  m o d u la r  t r a n s f e r  f u n c t i o n  ( M T F ) . T h e  PS F  
d e s c r i b e s  t h e  u n s h a r p n e s s  t h a t  r e s u l t s  w h e n  a  p o i n t  i n  t h e  
o b j e c t  i s  n o t  r e p r o d u c e d  a s  a  t r u e  p o i n t  i n  t h e  im a g e .  T h e  
L S F  a l s o  d e s c r i b e s  t h e  u n s h a r p n e s s  o f  a n  im a g e ,  w h en  a  l i n e  
o r  s l i t  o b j e c t  i s  n o t  r e p r o d u c e d  a s  a  l i n e  o r  s l i t  im a g e  
b u t  i s  r a t h e r  s p r e a d  o u t  o v e r  a  m e a s u r a b l e  d i s t a n c e .  M any 
f a c t o r s  a f f e c t  t h e  s p a t i a l  r e s o l u t i o n  o f  r e c o n s t r u c t e d  
im a g e s  ( s e e  s e c t i o n  4 . 2 . 2 . 1 ) .  T h e  m o s t  w i d e l y  a c c e p t e d  
a p p r o a c h  i s  t o  u s e  t h e  M T F , w h ic h  c h a r a c t e r i s e s  h ow  w e l l  
t h e  s y s t e m  c a n  im a g e  i n f o r m a t i o n  a t  a n y  s p a t i a l  f r e q u e n c y .  
I t  i s  p a r t i c u l a r l y  u s e f u l  f o r  c o m p a r in g  t h e  c o n t r i b u t i o n s  
t o  t h e  t o t a l  u n s h a r p n e s s  f r o m  t h e  v a r i o u s  c o m p o n e n t s  i n  t h e  
im a g in g  s y s t e m .
T h e  MTF w a s  c a l c u l a t e d  f r o m  t h e  r e c o n s t r u c t e d  LS F  
u s i n g  t h e  p r o g r a m  p r e s e n t e d  b y  B e n e d e t t o  (B E N  7 7 ) a n d  
a l s o ,  t h e  m o d i f i e d  p r o g r a m ,  s u g g e s t e d  b y  N e f f  (N E F  7 7 ) .
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2  f  ( x Q  o C o s  27r r  Xj
I=-m
m
MTF ( r ) ( 6 . 9 )
m
S
I=-m
f  ( X j )
w h e r e  X j i s  t h e  d i s p l a c e m e n t  a l o n g  t h e  a b s c i s s a  a n d  f ( x , )  
r e p r e s e n t s  t h e  L S F  v a l u e .  T h e  a s s u m p t io n  i s  t h a t  t h e  p e a k  
v a l u e  o f  t h e  L S F  o c c u r s  a t  t h e  o r i g i n  a n d  t h e  L S F  i s  
s y m m e t r i c a l  a b o u t  i t s  p e a k  v a l u e .  T h e  p r o g r a m  a l s o  
c a l c u l a t e s  t h e  i n t e g r a l  o f  t h e  M T F , w h ic h  i s  g i v e n  b y
R«
K = M TF ( r )  d r ( 6 . 1 0 )
w h e r e  R 1 i s  t h e  f i r s t  s p a t i a l  f r e q u e n c y ,  w h e r e  M TF r e a c h e s  
z e r o .  N e f f  s u g g e s t s  t h a t  t h i s  i n t e g r a l  p r o v i d e s  a  
c o n v e n i e n t  b a s i s  f o r  t h e  c o m p a r i s o n  o f  M T F s .
6 . 2 . 1 S  R E SU LTS  AND D IS C U S S IO N
I n  o r d e r  t o  e v a l u a t e  t h e  q u a l i t y  o f  a n  im a g e  w i t h  
r e s p e c t  t o  t h e  f a c t o r s  d e s c r i b e d  u n d e r  c o n t r o l l e d  
c o n d i t i o n s  i n  w h ic h  t h e  o b j e c t  d i s t r i b u t i o n  a n d  h e n c e  t h e  
e x p e c t e d  im a g e  w e r e  k n o w n , t h e o r e t i c a l l y  d e f i n e d  SPE C T 
p r o j e c t i o n  d a t a  w e r e  s i m u l a t e d .  T h e  v e r s a t i l i t y  a n d  t h e  
a b i l i t y  o f  t h e  c o m p u t e r  p h a n to m  s i m u l a t i o n  p r o g r a m m e , 
R E c L B L , a l l o w e d  t o  g e n e r a t e  d i f f e r e n t  p h a n to m s  w i t h  
r e q u i r e d  g e o m e t r y  a n d  t h e r e f o r e  c o m p a r i s o n  o f  im a g e s  w a s  
b e t t e r  u n d e r s t o o d .  T h e  p h a n to m s  a r e :
A  -  t w o  u n i f o r m  c i r c u l a r  d i s k s  w i t h  d i f f e r e n t  a c t i v i t y  
u n i t  r a t i o  3 : 2  a n d  d i a m e t e r  o f  25  a n d  40  p i x e l s  f o r  s m a l l  
, a n d  l a r g e  d i s k s  r e s p e c t i v e l y  ( f i g  6 . 4 . a ) .  i
B -  H e a d  p h a n to m  w i t h  H o t  s p o t s :  t h e  c i r c u l a r  h e a d
p h a n to m  h a d  d i a m e t e r  o f  40  p i x e l s  a n d  t h e  e x t e r n a l  s h e l l  
w a s  4 p i x e l s  t h i c k .  A n  a c t i v i t y  o f  10 u n i t s  w a s  a s s u m e d
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f o r  t h i s  s h e l l .  W i t h i n  t h e  s h e l l  t h e  a c t i v i t y  w a s  
u n i f o r m l y  s e t  t o  0 u n i t s .  T w o  h o t  r e g i o n s  o f  6 a n d  4 
p i x e l s  d i a m e t e r  w e r e  e m b e d d e d  w i t h i n  t h e  s h e l l .  E a c h  h o t  
r e g i o n  h a d  a c t i v i t y  o f  20  u n i t s  ( f i g .  6 . 4 . b ) .
C -  H e a d  p h a n to m  w i t h  c o l d  s p o t s :  t h e  d i a m e t e r ,
t h i c k n e s s  a n d  a c t i v i t y  o f  t h e  e x t e r n a l  s h e l l  w a s  t h e  sam e 
a s  B , b u t  a c t i v i t y  w i t h i n  t h e  s h e l l  w a s  u n i f o r m l y  s e t  t o  
20  u n i t s  a n d  t w o  c o l d  r e g i o n s  ( i . e .  a i r  c o n t a i n e r )  o f  6 a n d  
4 p i x e l s  d i a m e t e r  a n d  a c t i v i t i e s  o f  ‘ o '  w e r e  i n c o r p o r a t e d  
( f i g .  6 . 4 . c ) .  T w o  m e th o d s  o f  r e c o n s t r u c t i o n ,  c o n v o l u t i o n  
b a c k - p r o j e c t i o n  ( C B P ) , u s i n g  t h e  R A L A  c o n v o l v e r  a n d  
i t e r a t i v e  l e a s t - s q u a r e  ( i e -  g r a d i e n t )  w e r e  u t i l i s e d .
T h e  t a b l e  ( 6 . 2 )  l i s t s  t h e  v a l u e s  o f  Qf , Qc , <5, r  f o r  
t h e  p h a n to m s  ( f i g  6 . 4 .  a - c )  f o r  t w o  c h o s e n  r e c o n s t r u c t i o n  
a l g o r i t h m s  a n d  f o r  d i f f e r e n t  v a l u e s  o f  a t t e n u a t i o n  
c o e f f i c i e n t ,  p .  T h r e e  g e n e r a t e d  p h a n to m s  w e r e  c h o s e n  t o  
p r o v i d e  a  m o r e  r e a l i s t i c  g e o m e t r y  f o r  c o m p a r i s o n  o f  t h e  
c a l c u l a t e d  f a c t o r s .  Im p r o v e m e n t  o f  t h e  a b o v e  f a c t o r s  u s i n g  
t h e  i t e r a t i v e  m e th o d  f o r  t h e  3 t y p e s  o f  p h a n to m s  i s  c l e a r .  
I g n o r i n g  a t t e n u a t i o n  c o e f f i c i e n t s  w a s  f o u n d  t o  a f f e c t  t h e  
v a l u e  o f  q u a l i t y  f a c t o r s  i n  t h e  i t e r a t i v e  m e t h o d .  F o r  
p h a n to m s  B a n d  C u s i n g  v a r i a b l e  Meff/ o b t a i n e d  b y  
t r a n s m i s s i o n  t o m o g r a p h y ,  im p r o v e d  t h e  q u a l i t y  f a c t o r s  b y  
( 8 % ,  1%, 60%,  20%)  a n d  ( 7 % ,  1%,  50%,  49%)  r e s p e c t i v e l y .
H o w e v e r ,  r e s u l t s  o b t a i n e d  w h e r e  t h e  d a t a  a s s u m e d  t o  b e  
n o i s e - f r e e ,  s c a t t e r i n g  w a s  i g n o r e d ,  im a g e s  r e c o n s t r u c t e d  
f r o m  65 p r o j e c t i o n s  o v e r  3 6 0 °  a n d  d i s p l a y e d  o n  t h e  m a t r i x  o f  
64 x  64 p i x e l s  ( i e -  p i x e l  w i d t h  w a s  5 m m ) .
F i g u r e  ( 6 . 5 )  i s  M TF o f  t h e  g a m m a -c a m e ra  
c a l c u l a t e d  f r o m  t h e  l i n e  s o u r c e  (2  mm I D )  p o s i t i o n  i n  a i r ,  
2 0 0  mm f r o m  c o l l i m a t o r  f a c e  a n d  i n  t h e  c e n t r e  o f  t h e  w a t e r  
b o d y  p h a n to m , u n d e r  1 0 0  mm w a t e r .  T h e  i n t e g r a l  o f  t h e  MTF 
i n  a i r  w a s  0 . 3 9 4  a n d  a  l o w e r  v a l u e  w a s  o b t a i n e d  w h e r e  t h e  
m e a s u r e m e n t  w a s  m ad e  i n  t h e  p r e s e n c e  o f  a  s c a t t e r i n g  m ed iu m
( w a t e r )  a n d  i t  w a s  0 . 3 3 1  ( i e -  84% o f  t h e  MTF i n  a i r ) .
H o w e v e r ,  i n s p e c t i o n  o f  c u r v e s  i n d i c a t e s  t h a t  t h e  gam m a- 
c a m e r a  t e n d s  t o  p a s s  l o w - s p a t i a l  f r e q u e n c i e s  b e t t e r  a n d  c a n  
b e  d e s c r i b e d  a s  a  ' l o w p a s s  f i l t e r ' .
I t  m u s t  b e  s t r e s s e d  t h a t  t h e r e  i s  n o  u n iq u e  a n d
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( 1 )  M e t h o d  /Lt ( cm )" 1 Qf Qc 8 r
CBP 0 .1 5 0 . 5 7 0 . 8 3 0 .  60 . 7 8
I t e r a t i v e 0 0 . 5 2 0 .  32 0 .  67 0 . 6 9
( g r a d i e n t ) 0 .1 5 0 . 9 8 1 . 0 0 0 .  02 0 .  11
v a r i a b l e — — — _
M e th o d Ijl (c m ) *1 Qf Qc <S r
CBP 0 .1 5 0 . 8 4 0 . 9 1 0 . 1 5 0 . 4 7
I t e r a t i v e 0 0 . 64 0 . 5 4 0 .  29 0 . 6 6
( g r a d i e n t ) 0 .1 5 0 . 9 0 1 .  04 0 . 0 8 0 .1 8
V a r i a b l e 0 .  97 1 . 03 0 .  04 0 .1 0
M e th o d /x (cm *1) Qf Qc 8 r
CBP 0 . 1 5 0 . 8 9 . 9 9 0 .1 1 0 . 2 6
I t e r a t i v e 0 0 .  61 0 . 3 8 0 . 5 2 0 .  62
( g r a d i e n t ) 0 .1 5 0 . 9 1 1 . 0 0 0 . 0 5 0 . 1 5
V a r i a b l e .9 9 1 . 0 0 0 . 0 2 0 . 1 2
T a b le  6*2 Response of quality factors with respect tor econstructiorj algorithms
(1) - phantom a, (2) - phantom b, (3) - phantom c.
« I
1 1 4
d e f i n i t i v e  m e a s u r e  o f  im a g e  q u a l i t y  a n d  t h e  s u c c e s s  o f  an  
im a g e  l i e s  i n  i t s  u s e f u l n e s s  i n  t h e  a p p l i c a t i o n  f o r  w h ic h  
i t  i s  i n t e n d e d .  T h e  c h o i c e  o f  u s i n g  s i m u l a t e d  p h a n to m  o r
p a t i e n t  d a t a ,  t h e  n u m b e r  o f  f r e e  v a r i a b l e s  u s e d  i n
p r o c e s s i n g  t e c h n i q u e s ,  m ean  t h a t  t h e  s i t u a t i o n  i s  u n l i k e l y  
t o  c h a n g e  a n d  a s  P o k r o p e k  (P O K  8 3 )  o b s e r v e d ,  ' t h e  v a l u e  o f  
im a g e  p r o c e s s i n g  i s  u n c e r t a i n 1 a n d  m o s t  a u t h o r s  p r e s e n t  
r e s u l t s  b y  s h o w in g  a  f e w  s t r i k i n g  e x a m p le s .
H o w e v e r ,  h e r e  g e n e r a t e d  p h a n to m s  w e r e  r e s t r i c t e d  a n d  
t h e  a im  w a s  t o  a s s e s s  im a g e s  u n d e r  s o m e  p a r t i c u l a r  
c o n d i t i o n  w h ic h  m ig h t  b e  u s e f u l  i n  c l i n i c a l  p r a c t i c e .
6 . 3 S  THE ODD ANGLES S A M P L IN G  METHOD TO IM PRO VE IMAGE
Q U A L IT Y
P r o j e c t i o n  d a t a  i n  c l i n i c a l  u s e  a r e  u s u a l l y  a c q u i r e d  
b y  r o t a t i n g  t h e  d e t e c t i o n  s y s t e m ,  t h e  g a m m a -c a m e ra ,  a r o u n d  
t h e  o b j e c t ,  a n d  t h e  n u m b er  o f  a n g u l a r  s a m p l in g  i n t e r v a l s
i s ,  i n  g e n e r a l ,  i n  a n  e v e n  d i r e c t i o n  s u c h  a s  3 6 ,  4 8 ,  64
o v e r  3 6 0 ° .  I t  i s  b e c a u s e  t h e  c o n j u g a t e  p r o j e c t i o n  d a t a  a s  
sh o w n  i n  ( f i g .  6 . 6 )  a r e  n e c e s s a r y  t o  a lm o s t  a l l  c o r r e c t i o n  
m e th o d s  ( e g .  c o n s t a n t  a t t e n u a t i o n  c o r r e c t i o n ) . O ne 
t e c h n i q u e  o f  im p r o v in g  t h e  im a g e  c o n t r a s t ,  a s  s u g g e s t e d  b y  
OHYAMA (OHY 8 4 ) i s  t o  a c q u i r e  t h e  d a t a  i n  o d d  a n g u l a r  
s a m p l in g  m od e  r a t h e r  t h a n  e v e n  a n g u l a r  s a m p l in g  m o d e . T h i s  
m e a n s  t h a t  f r o m  t h e  p r o j e c t i o n  d a t a  o b t a i n e d  b y  t h i s  
m e t h o d ,  a l l  r e c o n s t r u c t i o n  t e c h n i q u e s  w i t h  a t t e n u a t i o n  
c o r r e c t i o n  c a n  g i v e  b e t t e r  im a g e s  ( i . e .  b e t t e r  q u a l i t y ) , 
w i t h  l e s s  s t a t i s t i c a l  n o i s e .
A s  sh o w n  i n  f i g u r e  ( 6 . 7 ) ,  t h e  p r o p o s e d  m e th o d  a c q u i r e s  
o d d  n u m b er  p r o j e c t i o n  s u c h  a s  3 5 ,  47  o r  65  o v e r  3 6 0 ° . S i n c e  
t h e  e f f e c t i v e  n u m b er  o f  p r o j e c t i o n  d i r e c t i o n s  i s  i n c r e a s e d  
t o  a lm o s t  t w i c e  t h a t  o f  e v e n  n u m b e r  m e t h o d s ,  t h e  q u a l i t y  o f  
t h e  im a g e  c a n  b e  im p r o v e d .  M o r e o v e r ,  t h i s  m e th o d  i s  
a p p l i c a b l e  t o  a n y  c a s e  o f  s o u r c e  d i s t r i b u t i o n  b e c a u s e  t h e  
, P S F  o f  t h i s  m e th o d  i s  v e r y  s i m i l a r  t o  t h a t  g i ^ e n  b y  t h e  
c o n j u g a t e  p r o j e c t i o n  d a t a .  I n  o r d e r  t o  e n s u r e  t h e  v a l i d i t y  
o f  t h i s  m e th o d  a  c o m p u t e r  s i m u l a t i o n  w a s  m ad e  b y  u s i n g  tw o  
p h a n to m s .  T h e  p h a n to m s  w e r e  t w o  u n i f o r m  b o d y  p h a n to m s ,
1 1 5
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F ig .  6.5 Modulation transfer function, MTF, from the line spread function.
w h e r e  t w o  h o t  a n d  t w o  c o l d  r e g i o n s  w e r e  e m b e d d e d  w i t h i n  
th e m  ( f i g .  6 . 8 ) .  T a b l e  ( 6 . 3 )  s h o w s  t h e  p h a n to m s  g e o m e t r y  
a n d  d i s t r i b u t i o n  o f  s o u r c e  a c t i v i t y  ( i . e .  r e l a t i v e  v a l u e ) . 
T h e  p i x e l  s i z e  a s s u m e d  t o  b e  5 mm a n d  m a t r i x  a r e a  w a s  64 x  
64 p i x e l s .  T h e  i t e r a t i v e  g r a d i e n t  m e th o d  w i t h  v a r i a b l e  
a t t e n u a t i o n  c o e f f i c i e n t  w a s  u s e d  t o  r e c o n s t r u c t  t h e  im a g e s .
F i g u r e  ( 6 . 9 )  s h o w s  r e c o n s t r u c t e d  im a g e s :  ( a )  i s
r e c o n s t r u c t e d  f r o m  e v e n  s a m p l in g  d a t a ,  60 a n g l e s  o v e r  3 6 0 ° , 
w h i l e  ( b )  i s  d o n e  f r o m  p r o j e c t i o n  d a t a  o f  o d d  n u m b er  
d i r e c t i o n s ,  t h a t  i s  59 o v e r  3 6 0 ° . V i s u a l  i n s p e c t i o n  o f  b o t h  
im a g e s  s h o w s ,  t h e  o d d  s a m p l in g  im a g e s  a r e  s m o o t h e r  a n d  l e s s  
n o i s y  t h a n  t h e  e v e n  im a g e s ,  w h ic h  l e a d s  t o  b e t t e r  s p a t i a l  
r e s o l u t i o n .  T h e  im a g e s ,  w e r e  a l s o  e v a l u a t e d  b y  c a l c u l a t i n g  
t h e  p a r a m e t e r s  Qf , r .  G ra p h s  o f  t h e  q u a l i t y  f a c t o r s  v e r s u s  
p r o j e c t i o n  n u m b e rs  f o r  c o l d  a n d  h o t  s p o t s  w h ic h  a r e  sh ow n  
i n  f i g u r e  ( 6 . 1 0 )  d e m o n s t r a t e  w e l l  t h e  a d v a n t a g e  o f  t h e  o d d  
n u m b er  p r o j e c t i o n  m e t h o d .  M axim um  v a r i a t i o n  o f  f i d e l i t y  
f a c t o r s  f o r  t h e  h o t  p h a n to m  w a s  10% a n d  2% f o r  e v e n  a n d  o d d  
m o d e s  r e s p e c t i v e l y .  F o r  t h e  c o l d  p h a n to m  m axim um  v a r i a t i o n  
w a s  4% a n d  1% d u e  t o  e v e n  a n d  o d d  m o d e s . P e r c e n t a g e  
d e v i a t i o n  ( P . D . )  o f  f i d e l i t y  f a c t o r s  f r o m  t h e  i d e a l  c a s e  
(Q f = l )  w e r e  a l s o  c a l c u l a t e d  t o  b e  i n  t h e  r a n g e  o f  0 . 9 %  t o
1 1 6
F i g .  6 . 6
Conventional data acquisition method, even angluar sampling over 360°, 
giving a conjugate projection data.
F i g .  6 . 7  Advance data acquisition technique, odd angular sampling over 360°.
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Hot Cold
Fig. 6.9 3D reconstructed images obtained from even and odd sampling techniques;
(a) - Even method, 60 projection
(b) - Odd method, 59 projection
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F i g .  6*10 Response of quality factors, and r versus number of projection
over 360°, with respect to sampling method 
*(a> & (c) - Hot phantom 
(b> & (d> - Cold phantom
12 0'
F i g .
X10"2
105.
100:. Ideal
- - O * ‘ 
Odd'
- - 0- . - -Q
O  0 --------  0.........0
a
95.
90.
. e _____0
_____ 0
JOT"
jbt
&
/
/
y Even
85.
6.10
XI0
i t n  i i  i i i | i i i i i i i i r p i  r i r i r r T f m  11 11 i i | ~n  r r m  n p n  r m  1 1 ) i r r r m  i i
) 35 40 45 50 55 60 65
Proj.  Mo .
-2
30 35 40 45 50 55 . 60 65
Proj. m o .
Response of quality factors, cq and r versus number of projection 
over 360°, with respect to sampling method
(a) & (c) - Hot phantom
(b) & (d) - Cold phantom
1 2 0 3
1 2 . 6 %  f o r  t h e  e v e n  m o d e  a n d  0 . 4 %  t o  2 . 6 %  f o r  t h e  o d d  m o d e , 
f o r  b o t h  c o l d  a n d  h o t  p h a n to m s ,  r e s p e c t i v e l y .  T h e  P . D .  
t o g e t h e r  w i t h  t h e  m axim um  v a r i a t i o n  r e v e a l e d  t h a t  t h e  
t e c h n i q u e  o f  o d d  p r o j e c t i o n  s a m p l in g :
( i )  p r o d u c e d  b e t t e r  im a g e s ,  q u a n t i t a t i v e l y  a n d  
q u a l i t a t i v e l y
( i i )  m a in t a in e d  im a g e  q u a l i t y  o v e r  a  b r o a d e r  r a n g e  o f  
p r o j e c t i o n  n u m b e rs  ( i e -  l e s s  s e n s i t i v e  t o  t h e  
n u m b er  o f  p r o j e c t i o n s )
T h e  g e n e r a t e d  t h e o r e t i c a l  d a t a  w e r e  n o i s e  f r e e ,  b u t  t h e  
s i m i l a r  a p p r o a c h  b y  OHYAMA i n  w h ic h  s t a t i s t i c a l  n o i s e  w a s  
a l s o  a d d e d  t o  t h e  d a t a ,  ca m e  t o  t h e  sa m e  c o n c l u s i o n .
F i g u r e  ( 6 . 1 0 )  a l s o  s h o w s  t h a t  t h e  v a l u e s  o f  r ,  t h e  a l i a s i n g  
e r r o r s ,  a r e  l e s s  i n  t h e  o d d  m e th o d  o f  s a m p l i n g .  T h i s  
e f f e c t ,  t o g e t h e r  w i t h  t h e  a b o v e  c o n c l u s i o n  m ay  r e s o l v e  t h e  
p r o b l e m  o f  a n y  d e f e c t  w h ic h  m ay n o t  b e  r e c o g n i s e d  b y  e v e n  
a n g u l a r  s a m p l in g  i n  c l i n i c a l  u s e .
6 . 4 S  L IM IT E D  F IE L D  OF V IE W  I N  SPE C T IM A G IN G
Im a g e s  r e c o n s t r u c t e d  b y  e m i s s i o n  c o m p u te d  t o m o g r a p h y  
c a n  s u f f e r  f r o m  a r t i f a c t s  d u e  t o  t h e  r e c o n s t r u c t i o n  
a l g o r i t h m  o r  d u e  t o  t h e  l i m i t a t i o n s  i n  t h e  p r o j e c t i o n  d a t a .  
I n  SPE C T  im a g in g  i n c o m p l e t e  p r o j e c t i o n s  a r e  g e n e r a t e d  w h en  
t h e  f i e l d  o f  v i e w  o f  t h e  c a m e r a  i s  i n s u f f i c i e n t  t o  
e n c o m p a s s  t h e  e n t i r e  s o u r c e  d i s t r i b u t i o n .  F o r  a  s o u r c e  
p o i n t  o u t s i d e  t h e  c i r c u l a r  f i e l d  o f  v i e w  o f  t h e  c a m e r a ,  
so m e  p r o j e c t i o n s  r e c e i v e  n o  c o n t r i b u t i o n  f r o m  t h e  s o u r c e  
w h i l e  o t h e r  p r o j e c t i o n s  ( f o r  c e r t a i n  a n g u l a r  s a m p le s )  
r e c e i v e  p a r t i a l  o r  f u l l  c o n t r i b u t i o n  f r o m  i t .  T h e  
i n c o n s i s t e n c y  o f  t h e  p r o j e c t i o n  d a t a  r e s u l t s  i n  a r t i f a c t s  
i n  t h e  r e c o n s t r u c t e d  im a g e .  S i n c e  m o s t  o f  t h e  p r e s e n t l y  
a v a i l a b l e  l a r g e - f i e l d  o f  v i e w  gamma c a m e r a s  a r e  a b l e  t o  
v i e w  t h e  e n t i r e  b o d y  s e c t i o n ,  o f  a  p a t i e n t  o f  n o r m a l  s i z e  
w h en  p a r a l l e l  h o l e  c o l l i m a t o r s  a r e  u s e d ,  t h e  p r o b l e m  o f  
i n c o m p l e t e  o r  t r u n c a t e d  p r o j e c t i o n s  a p p e a r s  m r f in ly  w h en  
u s i n g  f a n  b ea m  c o l l i m a t i o n .  T h e r e  a r e  m an y c a s e s  i n  w h ic h  
o n l y  a  s m a l l  p o r t i o n  o f  t h e  b o d y  s e c t i o n  i s  n e e d e d  t o  b e  
im a g e d ,  t h u s ,  m u l t i - s l i c e  f a n  b eam  c o l l i m a t o r s  a r e  u s e f u l
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i n  t h e s e  c a s e s .  S o l u t i o n  t o  t h e  i n c o m p l e t e  p r o j e c t i o n  
p r o b l e m  i s  v e r y  im p o r t a n t  t o  t h e  f u l l  u t i l i s a t i o n  o f  t h e  
a d v a n t a g e s  o f  f a n  b eam  i m a g in g ,  h e n c e ,  i t  i s  n e c e s s a r y  t o  
d e v e l o p  a l g o r i t h m s  w h ic h  c a n  o v e r c o m e ,  o r  c o m p e n s a t e  f o r ,  
t h e s e  a r t i f a c t s .
A  n u m b e r  o f  a l g o r i t h m s  h a v e  b e e n  s u g g e s t e d  w h ic h  
a t t e m p t  t o  o v e r c o m e  t h e  m i s s i n g  d a t a  p r o b l e m  a n d  o v e r v i e w  
o f  s u c h  a l g o r i t h m s  h a s  b e e n  p r e s e n t e d  b y  RANG AYYAN  (R A N  
8 4 ) .  O b v i o u s l y  s u c h  m e th o d s  d i f f e r  i n  t h e  c h o s e n  m ea n s  o f  
e s t i m a t i n g  t h e  m i s s i n g  d a t a ,  o r  c o m p e n s a t in g  f o r  t h e  
a r t i f a c t .  T h e  f o l l o w i n g  d e s c r i b e s  t h e  m e t h o d  w h ic h  w a s  
e m p lo y e d  t o  c a l c u l a t e  t h e  m i s s i n g  d a t a  a n d  t h e n  t h e  
r e c o n s t r u c t e d  im a g e s  o b t a i n e d  b y  u t i l i s i n g  c o n v o l u t i o n  
b a c k - p r o j e c t i o n  ( C B P )  a n d  i t e r a t i v e  g r a d i e n t  (G R A D Y ) w e r e  
c o m p a r e d  w i t h  t h e  c o m p l e t e  im a g e  ( i e -  e x p e c t e d  i m a g e ) .
6 . 4 . 1 1  IN T E R P O L A T IO N  OF M IS S IN G  D ATA AND R E S U LTS
I n  t h i s  m e t h o d ,  t h e  m i s s i n g  d a t a  a r e  e s t i m a t e d  f r o m  
t h e  t w o  n e a r e s t  p r o j e c t i o n s  b y  l i n e a r  i n t e r p o l a t i o n  a s  
sh o w n  i n  e q u a t i o n  ( 6 . 1 1 )
"  0 0 — 0 ,
f  (1 , 0) = ------------  f (1 , 0,) + -----------  f ( i , e 2) (6. 1 1 )
0 -j ©2 “  0 <|
w h e r e  0  i s  t h e  a n g l e  o n e  i n t e r p o l a t e s  t o  a n d  0 1 a n d  0 2 
a r e  t h e  p r o j e c t i o n  a n g l e s  a t  e i t h e r  s i d e  o f  t h e  m i s s i n g  
p r o j e c t i o n  d a t a .  H o w e v e r ,  t h i s  i s  a  s i m p l e  l i n e a r  
i n t e r p o l a t i o n  a n d  h i g h e r  o r d e r  i n t e r p o l a t i o n  m e th o d  ( e g -  
IN O  7 9 ,  WAG 7 9 ) c o u l d  b e  u s e d  f o r  m o r e  c o m p le x  o b j e c t s  o r  
p h a n t o m s .
T h e  p r o p o s e d  t e c h n i q u e  w a s  t e s t e d  o n  t h e  d a t a  o b t a i n e d  
f r o m  a  c y l i n d r i c a l  p h a n to m  c o n t a i n i n g  a  u n i f o r m l y  
d i s t r i b u t e d  r a d i o a c t i v e  s o l u t i o n ,  w h e r e  t w o  a i r  f i l l e d  
s m a l l  c y l i n d r i c a l  p h a n to m s  w e r e  i n s e r t e d .  40
p r o j e c t i o n  d a t a  o v e r  3 60 ° w e r e  m e a s u r e d  a n d  i t  w a s  a s s u m e d  
t h e r e  w e r e  n o  m i s s i n g  d a t a .  T h i s  m e a s u r e m e n t  w a s  p r e s e n t e d  
a s  a  b a s i s  f o r  c o m p a r i s o n  w i t h  t h e  r e c o n s t r u c t i o n  o b t a i n e d
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f r o m  t h e  i n c o m p l e t e  d a t a  s e t s  a n d  c o m p l e t e  d a t a  b y  m ean  o f  
i n t e r p o l a t i o n .  S e c o n d ,  so m e  p r o j e c t i o n s  w e r e  a s s u m e d  t o  b e  
m i s s i n g ,  s o  t h a t ,  t h e  t o t a l  n u m b er  o f  p r o j e c t i o n s  o v e f  3 6 0 ° 
w a s  t w e n t y .  F i n a l l y  u s i n g  e q u a t i o n  ( 6 . 1 1 ) ,  m i s s i n g  d a t a  
w e r e  i n t e r p o l a t e d .  F i g u r e  ( 6 . 1 1 )  s h o w s  t h e  3 D
r e c o n s t r u c t e d  im a g e s  f r o m :  ( a )  t h e  c o m p l e t e  s e t  o f  
p r o j e c t i o n ,  4 0 / 3 6 0  ( b )  t h e  i n c o m p l e t e  s e t ,  2 0 / 3 6 0 ,  ( c )  t h e  
c o m p l e t e  s e t  b y  m ean s o f  i n t e r p o l a t i o n .  T h e  r e s u l t s  
o b t a i n e d ,  w e r e  e v a l u a t e d  b y  c a l c u l a t i n g  t h e  q u a l i t y  f a c t o r s  
Qf , Qc , S ,  r  ( t a b l e  6 . 4 ) .  V i s u a l  i n s p e c t i o n  o f  im a g e s  s h o w s  
c o r r e c t e d  im a g e s  ( i e -  o b t a i n e d  f r o m  i n t e r p o l a t e d  d a t a )  
m a tc h  a c t u a l  im a g e s  ( f i g  6 . 1 1 . a )  r e a s o n a b l y  w e l l .
C o m p a r is o n  o f  q u a l i t y  f a c t o r s  o b t a i n e d , n o t  o n l y  i n d i c a t e s  
t h e  s u c c e s s  o f  t h i s  s i m p l e  m e t h o d ,  b u t  o n c e  m o r e  e m p h a s is e s  
t h e  s u p e r i o r i t y  o f  t h e  i t e r a t i v e  t e c h n i q u e  o v e r  t h e  
a n a l y t i c a l  m e th o d  f o r  i n c o m p l e t e  p r o j e c t i o n  d a t a .  H o w e v e r ,  
a c c e p t a b l e  r e s u l t s  m ay n o t  b e  a c h i e v e d  i f  t h e  m e th o d  i s  
u s e d  f o r  m o r e  c o m p le x  o b j e c t s  a n d  m o r e  s o p h i s t i c a t e d  
i n t e r p o l a t i o n  w o u ld  b e  r e q u i r e d .
Method of 
reconstruction
Actual image 
Qf Qc s r
Missing data 
Qf Qc 6 r
interpolated image 
Qf Qc 5 r
FiIter back 0.78, 0.93, 0.39, 0.40 0.66. 0.46, 0.63, .62 0.79, 0.99, 0.38, 0.39
projection
(FBP)
I iteration 0.84, 1.00, 0.29, 0.31 0.71, 0.50, 0.54, 0.56 0.83, 0.98, 0.29, 0.30
(Gradient)
T a b l e  6 . 4  Comparison of quality factors with respect to state of projection data
and reconstruction algorithm.
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.  1 1 3D reconstructed images from:
(a) - Full projection 40/360°, (b) - Limited angle 20/360°
(c) - Linear interpolation 40/360°
C H A P T E R  7
D E S IG N  AND DEVELOPMENT OF A  SIM U LTANEO U S E M IS S IO N  AND 
T R A N S M IS S IO N  TOM OGRAPHIC TECHNIQU E I N  SPE C T
7 . 1 s  IN TR O D U C T IO N  AND R E VIEW
T h e  g o a l  o f  a l l  t o m o g r a p h i c  im a g in g  s y s t e m s  i s  t o  
p r o d u c e  a c c u r a t e  im a g e s  o f  b o d y  s e c t i o n s  a t  a  g i v e n  d e p t h .  
I n  o r d e r  t o  d o  t h i s ,  t h e  s y s t e m  m u s t  m in im i s e  o r  i d e a l l y  
r e m o v e  t h e  s u p e r im p o s e d  i n f o r m a t i o n  f r o m  o v e r l y i n g  o r  
u n d e r l y i n g  s t r u c t u r e s .
T h e  i d e a  o f  b e i n g  a b l e  t o  o b t a i n  c l i n i c a l l y  a d e q u a t e  
t o m o g r a p h i c  im a g e s  w i t h  com m on s i n g l e - p h o t o n  r a d i o n u c l i d e s  
u s i n g  s t a n d a r d  d e t e c t o r  s y s t e m s  i s  o b v i o u s l y  v e r y  
a p p e a l i n g .  I n  t h e  c l i n i c a l  a r e a  i n s t r u m e n t a t i o n
( t o m o g r a p h i c )  i s  a h e a d  o f  r a d i o p h a r m a c e u t i c a l  d e v e l o p m e n t .  
T h i s  i m p l i e s  t h a t  w o r k  i n  t h e  f i e l d  o f  S PE C T i s  l i m i t e d  b y  
t h e  r a d i o p h a r m a c e u t i c a l s  a v a i l a b l e  a t  p r e s e n t .  I n  c l i n i c a l  
p r a c t i c e ,  q u a l i t a t i v e  S PE C T im a g e s  c a n  b e  r e c o n s t r u c t e d  a n d  
b e  o f  s o m e  u s e  w i t h o u t  a t t e n u a t i o n  c o r r e c t i o n .  T h i s  i s  
p r i m a r i l y  b e c a u s e  t h e  i n j e c t e d  r a d i o n u c l i d e  co m p o u n d  i s  
u s u a l l y  s p e c i f i c a l l y  d e s i g n e d  f o r  p r e f e r e n t i a l  u p t a k e  b y  
t h e  o r g a n s  o f  i n t e r e s t  r e l a t i v e  t o  t h e  s u r r o u n d in g  
b a c k g r o u n d .  T h e  r e s u l t i n g  im a g e s ,  a l t h o u g h  a t t e n u a t e d ,  
s t i l l  p r e s e n t  w e l l - d e f i n e d  e x t e r n a l  o r g a n  b o u n d a r i e s  w i t h  
r e s p e c t  t o  b a c k g r o u n d .
H o w e v e r ,  o n e  o f  t h e  p r im a r y  o b j e c t i v e s  i n  SPEC T 
im a g in g  i s  t o  p r o v i d e  a c c u r a t e  q u a n t i t a t i v e  c r o s s -  
s e c t i o n a l  im a g e s .  T h e  i n c e n t i v e  i s  o b v i o u s :  i f  a c t i v i t y
p e r  u n i t  v o lu m e  ’ i n  v i v o ' -  c a n  b e  m e a s u r e d  a c c u r a t e l y ,  
i n f o r m a t i o n  f r o m  t o m o g r a p h i c  im a g in g  w i l l  b e  e n h a n c e d  
c r e a t i n g  t h e  o p p o r t u n i t y  f o r  a d v a n c in g  i n v e s t i g a t i o n a l  
t e c h n i q u e s  i n t o  c l i n i c a l  a p p l i c a t i o n s .  N o t  o n l y  w i l l  m o re  
a c c u r a t e  a c t i v i t y  d i s t r i b u t i o n s  im p r o v e  q u a l i t a t i v e  im a g e  
i n t e r p r e t a t i o n ,  b u t  i t  w i l l  m ak e  i t  p o s s i b l e  q u a n t i t a t i v e l y  
to d e t e r m i n e  t h e  v a l u e  o f  p h y s i o l o g i c a l  m o d e ls  a n d  m e t a b o l i c  
p r o c e s s e s .  T h e  p o t e n t i a l  o f  q u a n t i t a t i v e  d a t a  f r o m  SPECT 
s t u d i e s  h a s  b e e n  l i m i t e d  l a r g e l y  b e c a u s e  o f  t h e  i n a b i l i t y
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t o  a c c u r a t e l y  c o r r e c t  f o r  t h e  e f f e c t s  o f  p h o t o n  
a t t e n u a t i o n .  T h i s  c h a p t e r  d e s c r i b e s  a  n o v e l  m e th o d  w h ic h  
o v e r c o m e s  t h i s  l i m i t a t i o n  b y  m e a s u r in g  t h e  a t t e n u a t i o n  o f  
o b j e c t s  ( o r  b o d y )  w i t h  a  t r a n s m i s s i o n  s c a n  c o n c u r r e n t  w i t h  
t h e  m e a s u r e m e n t  o f  r a d i o p h a r m a c e u t i c a l  d i s t r i b u t i o n .  Tw o  
m a jo r  g o a l s  o f  t h i s  s t u d y  a r e :
I  -  T o  e v a l u a t e  q u a n t i t a t i v e l y  a n d  q u a l i t a t i v e l y  t h e  
e f f e c t s  o f  n o n - i s o t r o p i c  a t t e n u a t i o n ,  u s i n g  e x p e r i m e n t a l  
p h a n to m s  w i t h  k n ow n  a c t i v i t y  a n d  g e o m e t r y .
I I  -  T o  im p le m e n t  a  t e c h n i q u e  t o  a c h i e v e  t h o s e  a im s ,  
w h i l e  k e e p i n g  a c q u i s i t i o n  t i m e  a n d  u n c e r t a i n t y  a s  l o w  a s  
p o s s i b l e .
E s s e n t i a l l y  t w o  p r o b l e m s  a r e  c o n s i d e r e d .  F i r s t l y ,  
t h e r e  i s  t h e  s im u l t a n e o u s  a c q u i s i t i o n  a n d  s u b s e q u e n t  
s e p a r a t i o n  o f  a t t e n u a t i o n  a n d  e m i s s i o n  d a t a ,  s e c o n d l y ,  t h e  
m e t h o d o l o g y  i n  w h ic h  t h e s e  d a t a  a r e  u s e d  f o r  r e c o n s t r u c t i n g  
q u a n t i t a t i v e l y  a c c u r a t e  e m i s s i o n  s c a n s  a n d  t h e  w a y  t h a t  t h e  
im a g e s  w e r e  e v a l u a t e d .
7 . 2 S  T R A N S M IS S IO N  T O M O G R A P H Y  f i  D A T A  C O IM V E R S IO iy
T h e  u s e  o f  t r a n s m i s s i o n  s c a n n in g  t o  d e l i n e a t e  a n a to m y  
h a s  b e e n  i n  u s e  i n  n u c l e a r  m e d i c i n e  f o r  o v e r  20  y e a r s .  
W ebb  (WEB 8 3 ) s u g g e s t s  t h a t  t r a n s m i s s i o n  s c a n n in g  w o u ld  
o v e r c o m e  t h e  a t t e n u a t i o n  c o r r e c t i o n  p r o b l e m  i n 7  SPEC T 
s t u d i e s  i n  p r i n c i p l e ,  b u t  c o n s i d e r e d  t h e  i n c r e a s e  i n  
s c a n n in g  t i m e  u n a c c e p t a b l e .  T h e  m e th o d  s t i l l  s u f f e r s  f r o m  
t h e  n e e d  f o r  s e p a r a t e  s t u d i e s  o f  e m i s s i o n  a n d  t r a n s m i s s i o n  
a n d  t h e  a s s o c i a t e d  p r o b l e m s ,  s u c h  a s  p a t i e n t  m o v e m e n t  a n d  
im a g e  r e - a l i g n m e n t .
T o  u s e  a  t r a n s m i s s i o n  s c a n  f o r  c o r r e c t i o n ,  t h e  
a c q u i r e d  d a t a  a t  e a c h  a n g l e  w e r e  c o n v e r t e d  t o  a t t e n u a t i o n  
c o e f f i c i e n t s .  T h e  c o n v e r s i o n  w a s  a c h i e v e d  b y  t a k i n g  t h e  
n a t u r a l  l o g a r i t h m  o f  t h e  r a t i o  o f  u n a t t e n u a t e d  t o  
a t t e n u a t e d  c o u n t s :
2 i=1 Mi =  [L n  (C D/ C x) ] /  x  ( 7 . 1 )
w h e r e  CQ a n d  C t a r e  t h e  t r a n s m i t t e d  c o u n t  r a t e  a n d  t h e
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u n a t t e n u a t e d  c o u n t  r a t e  r e s p e c t i v e l y  a n d  x  i s  a  s c a l i n g  
f a c t o r  e q u i v a l e n t  t o  t h e  s i z e  o f  a  p i x e l .  A t t e n u a t i o n  o f  
p h o t o n s  i n  a i r  w a s  a s s u m e d  t o  b e  n e g l i g i b l e .  A f t e r  t h i s  
c o n v e r s i o n ,  r e c o n s t r u c t i o n  w a s  p e r f o r m e d  i n  t h e  u s u a l  
m a n n e r .  T h e  r e s u l t a n t  t o m o g r a p h i c  s l i c e s  c o n t a i n  t h e  
a t t e n u a t i o n  c o e f f i c i e n t s  p e r  p i x e l .
T h e  o b v i o u s  s o l u t i o n  t o  o v e r c o m e  t h e  p r o b l e m s  w h ic h  
w e r e  n o t e d  a b o v e  i s  t h a t  t h e  t r a n s m i s s i o n  s c a n  b e  a c q u i r e d  
a t  t h e  sam e t i m e  a s  t h e  e m i s s i o n  t o m o g r a m . T h i s  d o e s  
i n t r o d u c e  o t h e r  p r o b l e m s ,  h o w e v e r ,  w h ic h  w i l l  b e  d i s c u s s e d  
i n  t h e  f o l l o w i n g  s e c t i o n .
7 . 3 ;  C O N C U R R E fS IT  A C Q U IS IT IO N  OF T R A N S M IS S IO N  AND 
E M IS S IO N  D ATA
T h e  c o n c u r r e n t  im a g in g  o f  t r a n s m i s s i o n  a n d  e m i s s i o n  
d a t a  r e q u i r e s  t h a t  t h e  t w o  s e t s  o f  d a t a  c a n  b e  s e p a r a t e d  
b y  so m e  m e a n s . I t  w o u ld  b e  d i f f i c u l t  t o  s e p a r a t e  t h e  d a t a  
i f  p h o t o n s  o f  t h e  sa m e  e n e r g y  w e r e  u s e d  f o r  b o t h  s t u d i e s .  
S e p a r a t i o n  c a n  b e  a c h i e v e d  b y  t h e  u s e  o f  t w o  c l o s e l y  l y i n g  
g a m m a -ra y  e n e r g i e s ,  o n e  f o r  t h e  t r a n s m i s s i o n  m o d e  a n d  o t h e r  
f o r  t h e  e m i s s i o n  m o d e  t o  p e r m i t  d i s c r i m i n a t i o n  b y  p u l s e  
h e i g h t  a n a l y s i s .  A n o t h e r  c o n s i d e r a t i o n  i s  t h a t  t h e  
t r a n s m i s s i o n  im a g in g  p r o c e d u r e  s h o u ld  n o t  i n t e r f e r e  w i t h  
t h e  e m i s s i o n  d a t a .  I t  i s  d e s i r a b l e  t o  u s e  a  t r a n s m i s s i o n  
s o u r c e  o f  l o w e r  g a m m a - ra y  e n e r g y  t h a n  t h e  e m i s s i o n  s o u r c e ?  
p r i m a r i l y  t o  o b t a i n  a n  im a g e  w h ic h  s h o w s  m o r e  c l e a r l y  t h e  
b o u n d a r i e s  o f  d i f f e r e n t  a t t e n u a t i n g  m ed iu m  w i t h i n  t h e  
s e c t i o n  o f  i n t e r e s t  o f  a  p h a n to m  o r  a  p a t i e n t ?  s e c o n d l y  i n  
c a s e s  w h e r e  q u i c k  a s s e s s m e n t  o f  t h e  e m i s s i o n  im a g e  w i t h o u t  
a c c u r a t e  c o r r e c t i o n  f o r  a t t e n u a t i o n  i s  r e q u i r e d  ( e g .  t o  s e e  
i f  t h e r e  i s  a n y  a b n o r m a l i t y  w i t h  r e s p e c t  t o  r a d i o n u c l i d e  
u p t a k e ) , u s i n g  a  t r a n s m i s s i o n  s o u r c e  o f  l o w e r  g a m m a -ra y  
e n e r g y  w i l l  n o t  i n t e r f e r e  w i t h  t h e  e m i s s i o n  d a t a  a n d  t h e  
e m i s s i o n  im a g e  c a n  b e  r e c o n s t r u c t e d  a n d  p r o c e s s e d  i n  t h e  
u s u a l  m a n n e r  w h e r e a s  u s i n g  a  h i g h e r  t r a n s m i s s i o n  g a m m a -ra y  
s o u r c e  m ay c o n t a m in a t e  t h e  e m i s s i o n  d a t a  a n d  c o n s e q u e n t l y  
d i s t o r t  t h e  r e c o n s t r u c t e d  e m i s s i o n  im a g e  ( i . e .  d u e  t o  t h e  
c o n t r i b u t i o n  o f  s c a t t e r e d  p h a n to m s  t o  t h e  e m i s s i o n
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c h a n n e l s ) ; f i n a l l y  t o  a v o i d  e x p o s i n g  p a t i e n t s  t o  h i g h e r  
e n e r g y  g a m m a -ra y  b e a m s . T h e  t w o  l a t t e r  r e a s o n s  w i l l  n o t  b e  
o f  m a in  im p o r t a n c e  i n  a r e a s  o t h e r  t h a n  i n  c l i n i c a l  p a t i e n t  
s t u d i e s .
H o w e v e r ,  t h e  l o w e r  e n e r g y  t r a n s m i s s i o n  c h a n n e l s  w i l l  
c o n t a i n  s c a t t e r  f r o m  t h e  u p p e r  e n e r g y  e m i s s i o n  c h a n n e l s ,  
w h ic h  r e q u i r e  c o r r e c t i o n .  I n  t h i s  w o r k ,  f o r  e m i s s i o n  
t o m o g r a p h y  s t u d i e s  T c -9 9 m  w i t h  t h e  d o m in a n t  g a m m a -ra y  o f  
1 4 0 . 5  K e V  (8 5 % ) a n d  h a l f - l i f e  o f  6 . 0 2 h  w a s  c h o s e n .  G d -1 5 3  
[ t %- 2 4 2 d ,  E 1 =  98 K eV  ( 3 0 % )  a n d  E 2 = 1 0 3  K e V  ( 2 2 % ) ]  w a s  t h e  
r a d i o n u c l i d e  o f  c h o i c e  f o r  t h e  t r a n s m i s s i o n  s t u d i e s .  U s in g  
a  N a l ( T l )  d e t e c t o r  ( s e e  c h a p t e r  4 )  l i m i t s  t h e  c h o i c e  o f  
r a d i o n u c l i d e .  F i g u r e  ( 7 . 1 )  s h o w s  t h e  c o m b in e d  G d -1 5 3  a n d  
T c -9 9 m  e n e r g y  s p e c t r u m  i n  b o t h  a i r  a n d  i n  a p p r o x i m a t e l y  100  
mm o f  s c a t t e r i n g  m ed iu m  ( w a t e r ) .
T w o  d i f f e r e n t  e x p e r i m e n t a l  a r r a n g e m e n t s  a n d  s o u r c e  
g e o m e t r i e s  w e r e  e m p lo y e d :
I  -  A t  p r im a r y  s t a g e  w h e r e  t h e  gamma c a m e r a - 4 0 0 T  a n d  
a  s e t  o f  32 p a r a l l e l  l i n e s  s o u r c e s  w i t h  i n n e r  d i a m e t e r  o f  
5 mm, w h ic h  w e r e  f i l l e d  w i t h  a  u n i f o r m  s o l u t i o n  o f  t h e  T c -  
99m ( i . e .  80 0  M Bq) w e r e  e m p lo y e d  t o  o b t a i n  a  t r a n s m i s s i o n  
im a g e  f r o m  t h e  J a s z s a c k  b o d y  p h a n to m . T h e  l i n e  s o u r c e s  
w e r e  f i x e d  t o  t h e  g a m m a -c a m e ra  a rm  i n  a  c o n f i g u r a t i o n  i n  
w h ic h  t h e  o b j e c t  i s  a lw a y s  l o c a t e d  b e t w e e n  t h e  u n c o l l i m a t e d  
t r a n s m i s s i o n  s o u r c e  a n d  t h e  c a m e r a  f a c e ,  p a r a l l e l  t o  t h e  
c a m e r a  f a c e  a n d  w i t h  t h e  sa m e  c e n t r e  o f  r o t a t i o n .  A  l o w  
e n e r g y  g e n e r a l  p u r p o s e  c o l l i m a t o r  (L E G P ) w a s  u s e d .
I I  -  T h e  r i g - s c a n n e r  ( s e e  c h a p t e r  4 )  , w h e r e  t h e  
t r a n s m i s s i o n  s o u r c e  w a s  a  c o l l i m a t e d  p o i n t  s o u r c e  o f  G d -  
1 5 3 ,  f i x e d  t o  t h e  s c a n n e r  o n  t h e  o p p o s i t e  s i d e  o f  t h e  
o b j e c t  t o  t h e  d e t e c t o r ,  1 8 0 °  a p a r t  w a s  u s e d  f o r  m o s t  o f  t h i s  
s t u d y  ( i . e .  s e e  s e c t i o n  4 . 1  f o r  f u r t h e r  d e t a i l s ) .
F i g u r e  ( 7 . 2 )  s h o w s  t h e  t o m o g r a p h i c  e q u ip m e n t s  a n d  
e x p e r i m e n t a l  s e t  u p  f o r  s im u l t a n e o u s  e m i s s i o n  a n d  
t r a n s m i s s i o n  im a g in g .
I
7 . 4 S  SC A TTE R  P R E D IC T IO N  AND SC A TTE R  REMOVAL
T h e  c o n t r i b u t i o n  o f  s c a t t e r e d  p h o t o n s  f r o m  e m i s s i o n
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F ig .  7 .1  Energy spectra for Gd-153 and Tc-99m. The higher energy peaks is the
140.5 KeV Tc-99m gamma-ray and two lower energy peaks are from Gd-153 
(the lowest is Eu-153 x-ray).
N.B. - The sources had different activity concentration
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ab
F ig*  7.2 Experimental setup for simultaneous emission and transmission tomography:
(a) - The rig-scanner
(b) - The Gamma-camera
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c h a n n e l s  i n t o  t h e  t r a n s m i s s i o n  c h a n n e l s ,  p r o d u c e s  
d e g r a d a t i o n  i n  im a g e  q u a l i t y  a n d  o v e r e s t i m a t i o n  o f  
q u a n t i t a t i v e  i n f o r m a t i o n  ( i . e .  l i n e a r  a t t e n u a t i o n  
c o e f f i c i e n t ) , w h ic h  n e e d s  t o  b e  r e m o v e d  b e f o r e  t r a n s f o r m i n g  
a n d  r e c o n s t r u c t i n g  t h e  a t t e n u a t i o n  s e c t i o n s .  T h e  e m i s s i o n  
im a g e  w a s  u s e d  t o  p r e d i c t  t h e  s c a t t e r  c o n t r i b u t i o n  i n t o  t h e  
l o w e r  w in d o w  ( t r a n s m i s s i o n  c h a n n e l s )  b y  c o n v o l v i n g  t h e  
e m i s s i o n  im a g e  w i t h  a  p r e d e t e r m in e d  s c a t t e r  f u n c t i o n  a n d  
s u b t r a c t i n g  t h i s  f r o m  t h e  c o r r e s p o n d i n g  t r a n s m i s s i o n  p l u s  
s c a t t e r  im a g e .  F u r t h e r  d e t a i l s  o f  t h i s  p r o c e d u r e  i s  g i v e n  
i n  t h e  f o l l o w i n g  s e c t i o n .
T h e  s c a n n e r  a n d  t h e  g a m m a -c a m e ra  w e r e  c o n s i d e r e d  a s  
l i n e a r  s y s t e m s .  I f  f  i s  t h e  o b j e c t  d i s t r i b u t i o n ,  g  i s  t h e  
im a g e  d i s t r i b u t i o n ,  h  i s  t h e  t r a n s f e r  f u n c t i o n  f o r  t h e  
g i v e n  c o n d i t i o n  a n d  n  i s  a d d i t i v e  n o i s e ,  t h e  m o d e l  o f  t h e  
s im u l t a n e o u s  im a g in g  m e th o d  p r o p o s e d  c a n  b e  s h o w n  a s  f i g u r e
( 7 . 3 ) .  T h e  t e r m i n o l o g y  u s e d  h e r e ,  i s  t h a t  t h e  s u b s c r i p t  u
n
x and + are multiplicative and additive procedures respectively
F ig .  7 .3  Linear system descriptidn of simultaneous emission/transmission imaging
I
r e f e r s  t o  t h e  u p p e r  e n e r g y  w in d o w ,  u l  r e f e r s  t o  t h e  u p p e r  
e n e r g y  o b j e c t  a s  s e e n  i n  t h e  l o w e r  e n e r g y  w in d o w  a n d  t
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r e f e r s  t o  t h e  t r a n s m i s s i o n .
Im a g e s  r e c o r d e d  i n  a  d u a l  c o l l e c t i o n  a r e  g u a n d  g  . 
T h e  p r o b l e m  i s  t o  r e m o v e  t h e  s c a t t e r  im a g e  ( g ul ) , w h ic h  i s  
u n k n o w n , f r o m  t h e  l o w e r  w in d o w  o b s e r v e d  im a g e  ( g 0) t o  l e a v e  
a n  e s t i m a t e  o f  t h e  t r a n s m i s s i o n  im a g e  g Q
§0  =  So -  k  (9 u * s ) ( 7 . 2 )
w h e r e  k  i s  t h e  s c a t t e r  r a t i o  a n d  S i s  s c a t t e r  f u n c t i o n .  
T h e  f o l l o w i n g  d e s c r i b e s  h ow  t h e  k  v a l u e  a n d  S w e r e  
d e t e r m i n e d .
7 . 4 . I S  D E TE R M IN A T IO N  OF SC A TTE R  FU N C TIO N  AND C A LC U LA T IO N  
OF THE K VALUE
A s  t h e  s c a t t e r  im a g e  ( g ul ) i s  n o t  k n o w n , a  t e c h n i q u e
o f  p r o d u c i n g  a n  e s t i m a t e  o f  s c a t t e r  i s  r e q u i r e d .  A  s c a t t e r
f u n c t i o n ,  s  , m ay b e  d e f i n e d  a s  t h e  f u n c t i o n  w h ic h ,  w h en  
c o n v o l v e d  w i t h  t h e  h i g h e r  e n e r g y  im a g e ,  g i v e s  t h e  
d i s t r i b u t i o n  o f  t h e  h i g h e r  e n e r g y  r a d i o n u c l i d e  a s  s e e n  i n  
t h e  l o w e r  e n e r g y  w in d o w  ( g ul ) s
Sul =  9 u *s  ( 7 « 3 )
w h e r e  *  i n d i c a t e s  t w o  d i m e n s i o n a l  c o n v o l u t i o n .  T h e  s c a t t e r  
f u n c t i o n  w a s  fo u n d  b y  t h e  d e c o n v o l u t i o n  o f  g ul w i t h  g u ( i . e .  
i n  F o u r i e r  s p a c e )
S =  < W Gu =  ( Fu x  Hul) / ( F u X Hu) =  Hul/H u ( 7 . 4 )
w h e r e  H i s  t h e  PS F  o f  t h e  s y s t e m .  T o  o b t a i n  a n  a v e r a g e
e s t i m a t e  o f  t h e  c o n t r i b u t i o n  o f  t h e  s c a t t e r e d  p h o t o n s ,  t h e  
p o i n t  s o u r c e  ( i . e .  T c -9 9 m ) w a s  p o s i t i o n e d  i n  t h e  c e n t r e  o f  
t h e  s c a t t e r i n g  m ed iu m  ( w a t e r  p h a n t o m ) . F o r  a  20% e n e r g y  
w in d o w  s e t  o v e r  t h e  T c~ 9 9 m  a n d  G d -1 5 3  p h o t o p e a k s  t h e  r a t i o  
o f  c o u n t s  i n  t h e  l o w e r  w in d o w  ( C ul) t o  t h e  c o u n t s  i n  t h e  
u p p e r  w in d o w  (C u) , t e r m e d  t h e  s c a t t e r  r a t i o  ( k )  f o r  t h e  
p o i n t  s o u r c e  i n  t h e  c e n t r e  o f  t h e  p h a n to m  w a s  f o u n d  t o  b e  
0 . 4 6 ± 0 . 0 2 .
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A n o t h e r  w o r k e r  (B A I  8 7 ) d e t e r m in e d  t h e  v a l u e  o f  k  b y  
t a k i n g  t h e  r a t i o  o f  g e o m e t r i c  m ean  (GM ) e n e r g y  s p e c t r u m  o f  
a  p o i n t  s o u r c e  ( i . e .  T c -9 9 m ) a t  v a r i o u s  d e p t h s  i n  a  w a t e r  
f i l l e d  p h a n to m  f o r  b o t h  w in d o w s  Cu a n d  Cul . T h e  u s e  o f  GM 
t h e r e f o r e  a l l o w e d  t h e  n u m b er  o f  c o u n t s  s c a t t e r e d  i n t o  t h e  
l o w e r  w in d o w  t o  b e  e s t i m a t e d  in d e p e n d e n t  o f  t h e  s o u r c e  
d e p t h .  B a i l e y  (B A I  8 7 ) s u g g e s t e d ,  s i n c e  t h e  v a l u e  o f  k  
w i l l  c h a n g e ,  s l i g h t l y  f o r  a  d i f f e r e n t  a t t e n u a t i o n  m ed iu m  
a n d  r a d i o n u c l i d e  d i s t r i b u t i o n ,  a  m ean  v a l u e  o f  k  s h o u ld  b e  
t a k e n .  H o w e v e r ,  t h e  s c a t t e r  f u n c t i o n  w a s  c o n v o l v e d  w i t h  
t h e  p h o t o p e a k  im a g e s  ( g u) t o  g i v e  t h e  e s t i m a t e d  s c a t t e r  
im a g e  ( g ul ) . T h i s  im a g e  w a s  t h e n  s c a l e d  b y  k  a n d  s u b t r a c t e d  
f r o m  t h e  o b s e r v e d  im a g e  i n  t h e  l o w e r  w in d o w  ( g 0) , t o  l e a v e  
t h e  e s t i m a t e d  t r a n s m i s s i o n  im a g e .  A n  o v e r v i e w  o f  t h e  
t e c h n i q u e  i s  sh ow n  i n  f i g u r e  ( 7 . 4 ) .
7 . 5 s  COM PARISON OF A T T E N U A T IO N  C O E F F IC IE N T S
T h e  u s e  o f  T c -9 9 m  a n d  G d -1 5 3 ,  w i t h  d i f f e r e n t  gam m a- 
r a y  e n e r g i e s  m ay r a i s e  q u e s t i o n s  a b o u t  w h e t h e r  t h e  
a t t e n u a t i o n  c o e f f i c i e n t s  m e a s u r e d  b y  G d -1 5 3  a r e  a p p l i c a b l e  
t o  T c -9 9 m . A s  G d -1 5 3  h a s  l o w e r  g a m m a -ra y  e n e r g i e s  t h a n  T c -  
99m , t h e  c o e f f i c i e n t s  m e a s u r e d  b y  G d -1 5 3  s h o u ld  b e  h i g h e r  
(m o r e  a t t e n u a t i o n )  t h a n  f o r  T c -9 9 m . T o  e x a m in e  t h i s  
b e h a v i o u r ,  a n  a t t e n u a t i o n  p h a n to m  c o n s i s t i n g  o f  w a t e r ,  
s a w d u s t  c o n t a i n e r ,  p e r s p e x  r o d  a n d  a n  a lu m in iu m  r o d  w e r e  
s c a n n e d  ( i . e .  t r a n s m i s s i o n  t o m o g r a p h y )  w i t h  p o i n t  s o u r c e s  
o f  T c -9 9 m  a n d  G d -1 5 3  s e p a r a t e l y .  I n  e a c h  c a s e  t h e  g e o m e t r y  
w a s  n o t  c h a n g e d ,  a l l o w i n g  d i r e c t  c o m p a r i s o n  o f  im a g e s  i n  
t r a n s v e r s e  r e c o n s t r u c t i o n ,  t o  o b t a i n  t h e  v a l u e s  o f  l i n e a r  
a t t e n u a t i o n  c o e f f i c i e n t  f o r  e a c h  m e d iu m , a  r e g i o n  o f  
i n t e r e s t  ( i . e .  2 x  2 p i x e l s )  w a s  c h o s e n  i n  t h e  im a g e  m a t r i x  
a n d  a  m ea n  v a l u e  w a s  c a l c u l a t e d ,  r e s p e c t i v e l y .  T h e  r e s u l t s  
o b t a i n e d  a r e  sh o w n  i n  t a b l e  ( 7 . 1 )  a n d  g r a p h i c a l l y  i n  f i g u r e  
( 7 . 5 ) .  I t  w a s  fo u n d  t h a t  a  l i n e a r  r e l a t i o n s h i p  e x i s t s  
b e t w e e n  t h e  a t t e n u a t i o n  o f  t h e  t w o  g a m m a - r a y s  w i t h  r e s p e c t  
t o  T c -9 9 m  a n d  G d -1 5 3 ,  e m p l o y in g  t h e  d e t e c t i o n  s y s t e m .  
U s in g  a  l e a s t  s q u a r e  f i t t i n g  p r o g r a m m e , t h i s  r e l a t i o n s h i p  
i s  g i v e n  a s :
1 3 3
fXTc =  ( 0 . 9 2 8 ± 0 . 0 0 3 )  llQd-  0 . 0 0 6 ,  r  =  0 . 9 9 6 ( 7 . 5 )
I n  p r a c t i c a l  t e r m s ,  t h i s  s u g g e s t s  t h a t  t h e  a t t e n u a t i o n  
c o e f f i c i e n t s  m e a s u r e d  b y  t h e  G d -1 5 3  s o u r c e  c a n  b e  s c a l e d  
d o w n  t o  o b t a i n  a p p r o p r i a t e  v a l u e s  f o r  T c -9 9 m .
7 . 6 2  ALG O RITH M S AND IN C O R P O R A T IO N  OF A T T E N U A T IO N
A  w e l l  d o c u m e n te d  r e c o n s t r u c t i o n  a l g o r i t h m ,  u t i l i s i n g  
t h e  s o f t w a r e  s u b r o u t i n e s  p u b l i s h e d  b y  H u sem an  (HUE 7 7 )  w a s  
u s e d  t o  r e c o n s t r u c t  t h e  im a g e s  o b t a i n e d .  T h e  a l g o r i t h m  i s  
t h e  ' i t e r a t i v e  g r a d i e n t '  o r  m e th o d  o f  s t e e p e s t  d e s c e n t .  
T h i s  m e th o d  s u c c e s s i v e l y  c h a n g e s  a  r e c o n s t r u c t e d  p i c t u r e  
u n t i l  t h e  d i f f e r e n c e  b e t w e e n  m e a s u r e d  p r o j e c t i o n s  a n d  
c a l c u l a t e d  p s e u d o - p r o j e c t i o n s  i s  m in im i s e d  i n  a  l e a s t  
s q u a r e ,  i . e . ,  t h e  f u n c t i o n  m in im is e d  i s :
X — ^km ^ i j  jkm* km ( 7 . 6 )
w h e r e  P km i s  t h e  m e a s u r e d  p r o j e c t i o n  a t  a n g l e  m a n d  b i n  k ,  
crkm i s  t h e  u n c e r t a i n t y  w i t h  w h ic h  P km w a s  m e a s u r e d ,  X .. i s  t h e  
i n t e n s i t y  i n  p i x e l  ( i , j )  t o  b e  r e c o n s t r u c t e d  a n d  F ijkm i s  t h e  
f r a c t i o n  o f  X -  t h a t  p r o j e c t s  i n t o  P km. F ijkm d e p e n d s  o n  t h e  
m o d e l  o f  i n t e n s i t y  d i s t r i b u t i o n  ( i . e .  s e e  s e c t i o n  6 . 1 . 2 )  
w i t h i n  e a c h  p i x e l  a n d  w h e t h e r  a t t e n u a t i o n  c o m p e n s a t i o n  i s  
i n v o l v e d .  T h e  i n t r i n s i c  a t t e n u a t i o n  c o r r e c t i o n  t e c h n i q u e  
( s e e  c h a p t e r  3 ) w a s  u s e d  t o  c o r r e c t  p r o j e c t i o n  d a t a .  I t  
h a s  b e e n  a s s u m e d  t h a t  t h e  p r o j e c t i o n  d a t a  a r e  d i s c r e t e l y  
e x p r e s s e d  a s  t h e  s u m m a t io n  o f  p i x e l  a c t i v i t y  c o n c e n t r a t i o n  
( i n t e n s i t y )  m u l t i p l i e d  b y  t h e  a t t e n u a t i o n  b e t w e e n  t h e  p i x e l  
a n d  t h e  e d g e  o f  t h e  o b j e c t ,  r e p r e s e n t e d  b y :
P kn, =  S iJ F i j kra- V " *  X 1j ( 7 - 7 )
w h e r e  A .jkm a r e  a t t e n u a t i o n  f a c t o r s ,  e v a l u a t e d  iu s in g  t h e  
e q u a t i o n :
Ajj  =  E x p  [ S „  t j * .  ( 7 . 8 )
1 3 4
F i g .  7 * 4  Method for obtaining emission and scatter subtracted transmission data.
Medium
Measured values-
fed
-cm'1
fee
Theoretical
fed
_ 1
values-cm
fee
Sawdust 0.009+0.001 0.005±001 - -
Water 0.163+0.03 0.14110.02 0.171 0.150
Perspex 0.148±0.03 0.130±0.03 0.139 0.124
Aluminium 0.398+0.05 0.365+0.05 0.412 0.382
T a b le  7 a 1 Comparison of measured and theoretical linear attenuation coefficients
I (i.e .  Hubbell, 1982) for a range of materials.
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a n d  p ati i s  t h e  a t t e n u a t i o n  c o e f f i c i e n t  o v e r  t h e  p i x e l  ( a , (3) 
o b t a i n e d  b y  t h e  t r a n s m i s s i o n  s t u d y .  T h e  s i m p l e  p r e ­
p r o c e s s i n g  g e o m e t r i c  c o r r e c t i o n  f o r  a t t e n u a t i o n  ( s e e  
c h a p t e r  3 )  w a s  a l s o  a p p l i e d  t o  d a t a  b e f o r e  r e c o n s t r u c t i o n  
u s i n g  t h e  FB P  a l g o r i t h m  a n d  r e s u l t s  o b t a i n e d  w e r e  c o m p a r e d  
t o  im a g e s  w h ic h  w e r e  c o r r e c t e d  w i t h  v a r i a b l e  a t t e n u a t i o n  
c o e f f i c i e n t s  b a s e d  o n  t h e  i t e r a t i v e  r e c o n s t r u c t i o n .
7.7:  DATA ACQUISITION AND PHANTOMS EMPLOYED
I  -  t o  e v a l u a t e  t h e  f e a s i b i l i t y  o f  u s i n g  t h e  gam m a- 
c a m e r a ,  f o r  t h e  p u r p o s e  o f  t h e  t r a n s m i s s i o n  s t u d y ,  a n  im a g e  
o f  t r a n s m i s s i o n  t o m o g r a p h y  f r o m  t h e  J a s z c z a k  b o d y  p h a n to m  
c o n t a i n i n g  w a t e r ,  f o r  64 p r o j e c t i o n s ,  20  p e r  v i e w  a n d  (6 4  
x  6 4 ) m a t r i x  u s i n g  a  20% e n e r g y  w in d o w  w e r e  a c q u i r e d .  T h e  
t r a n s m i s s i o n  s o u r c e  w a s  a  s e t  o f  32 p a r a l l e l  t u b e s ,  w h ic h  
w e r e  f i l l e d  w i t h  T c -9 9 m  s o l u t i o n  ( i . e .  w i t h  t o t a l  a c t i v i t y  
o f  z - '8 0 0  M Bq) a n d  w a s  f i x e d  t o  t h e  c a m e r a  a rm s  ( f i g .  7 . 2 )  . 
T h e  s o u r c e  t o  t h e  p h a n to m  d i s t a n c e  w a s  s e t  t o  b e  10 0  mm a n d  
t h e  c a m e r a  o r i e n t a t i o n  r a d i u s  w a s  s e t  t o  2 2 0  mm f r o m  t h e  
c e n t r e  o f  t h e  p h a n to m . T h e  a c q u i s i t i o n  r a w  d a t a  o b t a i n e d  
b y  t h e  g a m m a -c a m e ra  ( i . e .  i n  t h e  R a d i o i s o t o p e  D e p a r t m e n t  o f  
t h e  L o n d o n  H o s p i t a l ,  W h i t e c h a p e l )  w a s  s t o r e d  o n  a  m a g - t a p e  
a n d  t h e n  t r a n s f e r r e d  t o  t h e  U n i v e r s i t y .  D a ta  h a d  b e e n  
w r i t t e n  o n  a  16 b i t  c o m p u t e r  ( N o r d e c r e s t )  i n  a  s p e c i f i c  
b i n a r y  m a c h in e  c o d e ,  s o ,  a  d e c o d i n g  p r o c e d u r e  t o o k  p l a c e  
f o r  c o r r e c t  i n t e r p r e t a t i o n  b y  t h e  8 b i t  PR IM E  c o m p u t e r .
I I  -  E m p lo y in g  t h e  m u l t i p u r p o s e  s c a n n in g  r i g  ( f i g .  
7 . 2 )  a n d  u s i n g  t h e  c o l l i m a t e d  N a l ( T l )  d e t e c t o r  a n d  
a s s o c i a t e d  m ic r o c o m p u t e r  ( s e e  c h a p t e r  4 )  t w o  s e t s  o f  d a t a  
i n  t r a n s m i s s i o n  a n d  e m i s s i o n  m od e  w e r e  a c q u i r e d  
s i m u l t a n e o u s l y .  T h e  s y s t e m  a l l o w s  t h e  t r a n s m i s s i o n  s o u r c e  
a n d  t h e  d e t e c t o r  t o  b e  p l a c e d  a l o n g  t h e  sa m e  a x i s  w i t h  t h e  
o b j e c t  l o c a t e d  b e t w e e n  t h e s e  a n d  i s  a b l e  t o  r o t a t e  a r o u n d  
t h e  Z - a x i s  p e r p e n d i c u l a r  t o  t h e  s o u r c e - d e t e c t o r  ( x , y )
, p l a n e .  T h e  s o u r c e  a n d  d e t e c t o r  w e r e  e q u i d i s t a n t  f r o m  t h e  
c e n t r e  o f  r o t a t i o n  o f  t h e  o b j e c t  ( i . e .  1 4 5  mm) . T w o
s t u d i e s  w e r e  p e r f o r m e d :
( a )  -  A  c y l i n d r i c a l  p e r s p e x  p h a n to m  (1 2 8  mm I . D .  a n d
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10 0  mm h e i g h t )  c o n t a i n i n g  a  s o l u t i o n  o f  T c -9 9 m  o f  s p e c i f i c  
a c t i v i t y  o f  ( 5 7 ± 0 . 6 )  K B q  m l" 1 w a s  u t i l i s e d .  A n  a i r  f i l l e d  
c y l i n d r i c a l  p e r s p e x  p h a n to m  (4 0  mm I . D .  a n d  35 mm h e i g h t )  
a n d  a  s m a l l  c y l i n d r i c a l  h o t  p h a n to m  (2 0  mm I . D .  a n d  35 mm 
h e i g h t )  f i l l e d  w i t h  T c -9 9 m  o f  s p e c i f i c  a c t i v i t y  o f  ( 2 9 2 ± 3 )  
K B q .m l" 1 w e r e  p l a c e d  w i t h i n  i t  a t  t h e  sa m e r a d i a l  d i s t a n c e  
f o r m  t h e  c e n t r e  a x i s  o f  t h e  p h a n to m  ( i . e .  38 mm) . Im a g e s  
o f  e m i s s i o n  a n d  t r a n s m i s s i o n  t o m o g r a p h y  f o r  4 1  p r o j e c t i o n s ,  
1 8 OS p e r  r a y s u m  a n d  (4 1  x  4 1 )  m a t r i x  w e r e  a c q u i r e d .
( b )  -  T h e  h o t  c y l i n d r i c a l  p h a n to m  w a s  r e m o v e d  a n d  a
s m a l l  s a w d u s t  f i l l e d  c y l i n d r i c a l  p h a n to m  (2 0  mm I . D ,  a n d  
35  mm h e i g h t )  w a s  p o s i t i o n e d  a t  25  mm f r o m  t h e  c e n t r e .  T h e  
a i r  f i l l e d  c o n t a i n e r  w a s  a l s o  r e p l a c e d  b y  a n o t h e r  s a w d u s t  
c o n t a i n e r  o f  t h e  sa m e  s i z e .  S p e c i f i c  a c t i v i t y  o f  T c -9 9 m  
s o l u t i o n  w i t h i n  t h e  l a r g e  p h a n to m  w a s  (4 6 2 ± 5 )K B q .m l " 1. 
Im a g e s  o f  b o t h  t r a n s m i s s i o n  a n d  e m i s s i o n  t o m o g r a p h y  f o r  40  
p r o j e c t i o n s ,  10 0S  p e r  r a y s u m  a n d  (4 0  x  4 0 ) m a t r i x  w e r e  
a c q u i r e d .  A l l  o f  t h e  d a t a  w e r e  d e c a y - c o r r e c t e d  f o r  t h e  T c -  
99m h a l f - l i f e  b e f o r e  r e c o n s t r u c t i o n .
7.8:  RESULTS AND DISCUSSION
I  -  T h e  i t e r a t i v e  g r a d i e n t  a l g o r i t h m  w a s  u s e d  t o  
r e c o n s t r u c t  t h e  p r o j e c t i o n  d a t a  o b t a i n e d  b y  t h e  gam m a- 
c a m e r a .  T h e  r e c o n s t r u c t e d  im a g e  w a s  t h e n  t r a n s f e r r e d  t o  a  
BBC m ic r o c o m p u t e r  v i a  K E R M IT  f o r  f u r t h e r  a n a l y s i s  a n d  
d i s p l a y .  F i g u r e  ( 7 . 6 )  s h o w s  3D r e c o n s t r u c t e d  t r a n s m i s s i o n  
t o m o g r a p h y  im a g e  o f  t h e  u n i f o r m  p h a n to m  ( i . e .  J a s z s c a k  
p h a n t o m ) . T h e  im a g e  r e p r e s e n t s  t h e  m ap o f  a t t e n u a t i o n  
c o e f f i c i e n t s .  A  r e g i o n  o f  i n t e r e s t ,  4 x 4  p i x e l s ,  w a s  
c h o s e n  i n  t h e  m a t r i x  im a g e  ( i . e .  64 x  64 p i x e l s )  a n d  m ean  
v a l u e  o f  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t s  w a s  c a l c u l a t e d  t o  
b e  0 . 1 1 2 1 0 .0 2  p i x e l " 1 o r  0 . 1 6 5 1 0 .0 3  cm "1 ( i . e .  p i x e l  w id th *  
0 . 6 8  cm ) .  T h e  im a g e  w a s  m o r e  s h i f t e d  t o  t h e  r i g h t  a n d  i t  
i s  i n d i c a t i n g  t h a t  t h e  a x i s  o f  t h e  c a m e r a  r o t a t i o n  d i d  n o t  
p a s s  t h r o u g h  t h e  c e n t r e  o f  t h e  p h a n to m . T h e  m e a s u r e d  v a l u e  
o f  l i n e a r  p eff  w a s  v e r y  c l o s e  t o  t h e o r e t i c a l  o n e  ( i . e .  0 . 1 5  
cm ’ 1) , c o n s i d e r i n g  t h e  e r r o r s  p r e s e n t .  H o w e v e r ,  t h e  im a g e  
o b t a i n e d  a n d  t h e  a n a l y s e d  d a t a  f u l f i l l e d  t h e  p r im a r y  a im ,
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t h a t  t h e  g a m m a -c a m e ra  c a n  b e  u s e d  t o  o b t a i n  a n  a c c e p t a b l e  
t r a n s m i s s i o n  t o m o g r a p h y  im a g e ,  b o t h  q u a l i t a t i v e l y  a n d  
q u a n t i t a t i v e l y .
I I  -  T h e  sa m e r e c o n s t r u c t i o n  a l g o r i t h m ,  a s  a b o v e  w a s  
u s e d  t o  r e c o n s t r u c t  t h e  im a g e s  o b t a i n e d  f r o m  s im u l t a n e o u s  
e m i s s i o n  a n d  t r a n s m i s s i o n  t o m o g r a p h y .  T h e  c o n t r i b u t i o n  d u e  
t o  s c a t t e r i n g  f r o m  t h e  e m i s s i o n  s o u r c e  i n t o  t h e  
t r a n s m i s s i o n  d a t a  w a s  r e m o v e d  b y  c a l c u l a t i n g  t h e  s c a t t e r  
r a t i o ,  k  a n d  o b t a i n i n g  t h e  s c a t t e r  f u n c t i o n  t o  e s t i m a t e  t h e  
s c a t t e r  d i s t r i b u t i o n .  T h e  a t t e n u a t i o n  map o b t a i n e d  f r o m  
c o r r e c t e d  r e c o n s t r u c t e d  t r a n s m i s s i o n  d a t a  w a s  u t i l i s e d  t o  
r e c o n s t r u c t  t h e  e m i s s i o n  p r o j e c t i o n  d a t a .  T h e  a c c u r a c y  o f  
s c a t t e r  s u b t r a c t i o n  t e c h n i q u e  a n d  q u a n t i t a t i v e  a c c u r a c y  o f  
t h e  i t e r a t i v e  c o r r e c t i o n  t e c h n i q u e  w e r e  e x a m in e d .  T h e  
f o l l o w i n g  d e s c r i b e  t h e s e  t w o  p r o c e d u r e s .
7 . 8 . I S  ACCURACY OF SC A TTE R  SUBTRACTED A T T E N U A T IO N  
RECO NSTRU CTIO N
T h e  a c c u r a c y  o f  t h e  a t t e n u a t i o n  m ap d e r i v e d  f r o m  
s c a t t e r  s u b t r a c t e d  t r a n s m i s s i o n  im a g in g  d e p e n d s  on  t h e  
r e l a t i v e  c o u n t  r a t e s  r e c o r d e d  f o r  t r a n s m i s s i o n  a n d  
e m i s s i o n ,  t h e  a b i l i t y  o f  a  s i n g l e  s c a t t e r  f u n c t i o n  t o  
p r e d i c t  s c a t t e r  a n d  t h e  a m o u n t o f  t h e  n o i s e  i n t r o d u c e d  i n t o  
t h e  r e c o n s t r u c t i o n  b y  t h e  s u b t r a c t i o n  p r o c e s s .  T h e s e  
f a c t o r s  w i l l  u l t i m a t e l y  d e t e r m i n e  t h e  e x t e n t  t o  w h ic h  t h e  
d a t a  c a n  p r o v i d e  a c c u r a t e  r e c o n s t r u c t i o n s  o f  r a d i o a c t i v i t y  
d i s t r i b u t i o n .  T o m o g r a p h ic  im a g e s  a r e  s u b j e c t  t o
s t a t i s t i c a l  f l u c t u a t i o n s  ( i . e .  n o i s e ) , g i v i n g  r i s e  t o  
u n c e r t a i n t i e s .  O t h e r  s o u r c e s  o f  n o i s e  a r e  a p p r o x im a t i o n s  
i n  t h e  r e c o n s t r u c t i o n  a l g o r i t h m ,  t h e  u s e  o f  i n s u f f i c i e n t  
p r o j e c t i o n  a n g l e s  a n d  t h e  u s e  o f  l a r g e  s p a t i a l  s a m p l in g  
i n t e r v a l s .  H o w e v e r ,  t h e  p r o c e s s i n g  o f  a t t e n u a t i o n  d a t r i  
a c q u i r e d  fo r m  t h e  s im u l t a n e o u s  e m i s s i o n  a n d  t r a n s m i s s i o n  
t e c h n i q u e  i n c r e a s e s  t h e  n o i s e  i n  t h e  r e c o n s t r u c t i o n s  d u e  t o  
t h e  s u b t r a c t i o n  o f  e s t i m a t e d  s c a t t e r .  T h e  ( s c a t t e r e d  
s u b t r a c t e d  t r a n s m i s s i o n  im a g e  i s  g i v e n  b y :
g t = g 0 -  g u( (7 - 8 )
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T h e  s t a n d a r d  d e v i a t i o n  ( a )  o f  t h e  r e c o n s t r u c t e d  a t t e n u a t i o n  
im a g e  h a s  p r e v i o u s l y  b e e n  s h o w n  t o  b e  (R U T  7 5 ) :
a ( f i )  =  [CT(Ct )/ C t ] x  [ l/ a \ | l2  N ] ( 7 . 9 )
w h e r e  Ct i s  t r a n s m i t t e d  c o u n t s ,  a  i s  s a m p l in g  i n t e r v a l  a n d  
N i s  t h e  n u m b er  o f  p r o j e c t i o n  (N B . f o r  f u r t h e r  d e t a i l s  
r e f e r  t o  p a g e  4 5 ,  K Y P  8 2 ) . I n  t h i s  w o r k ,  t h e  a b o v e  f o r m u la  
( 7 . 9 )  w a s  w r i t t e n  a s :
O ( n )  =  [<J (C0)/ C t ] X [ l / a \ f l2  N ] (7.10)
w h e r e  CQ i s  c o u n t s  i n  t h e  im a g e  g 0.
T o  i n v e s t i g a t e  t h e  a c c u r a c y  o f  t h e  s c a t t e r  p r e d i c t i o n  a n d  
t o  c o m p a r e  v a l u e s  o f  t h e  a t t e n u a t i o n  m ap w h ic h  i s  o b t a i n e d  
f r o m  s u b t r a c t i n g  t h e  s c a t t e r i n g  f r o m  e m i s s i o n  d a t a  w i t h  
t h o s e  w h e r e  n o  s u c h  s c a t t e r  c o n t r i b u t i o n  e x i s t s ,  a  s e p a r a t e  
t r a n s m i s s i o n  t o m o g r a p h y  s c a n  o f  t h e  o b j e c t  (p h a n to m ) u s i n g  
t h e  sa m e  t r a n s m i s s i o n  s o u r c e  ( i . e .  G d -1 5 3 )  w a s  o b t a i n e d .  
T h e  p h a n to m  g e o m e t r y  a n d  a c q u i s i t i o n  p a r a m e t e r s  w e r e  s e t  t o  
b e  t h e  sa m e a s  i n  t h e  s im u l t a n e o u s  s t u d y .  T h e  p  v a l u e s  a n d  
t h e i r  s t a n d a r d  d e v i a t i o n ,  o ( p )  w e r e  d e t e r m in e d  b y  c h o o s i n g  
a  r e g i o n  o f  i n t e r e s t  ( i . e .  2 x  2 p i x e l s )  i n  t h e  m a t r i x  o f  
t h e  r e c o n s t r u c t e d  im a g e s  ( f i g .  7 . 7 . a ) .  T h e  e v a l u a t i o n  o f  
t h e  s c a t t e r  s u b t r a c t i o n  t e c h n i q u e  w a s  c a r r i e d  o u t  f o r  b o t h  
h o t  a n d  c o l d  a r e a s  w i t h i n  t h e  r e c o n s t r u c t e d  im a g e s  o f  t h e  
p h a n to m  ( 7 . 7 . I I . b ) .  f i g u r e  ( 7 . 7 )  a l s o ,  r e p r e s e n t s  t h e  3D 
t r a n s m i s s i o n  im a g e s ,  ( b )  i s  t h e  a t t e n u a t i o n  m ap o f  t h e  
p h a n to m  i n  a  s i t u a t i o n  w h e r e  t h e r e  i s  n o  s c a t t e r  
c o n t r i b u t i o n  f r o m  e m i s s i o n  d a t a  ( i . e .  s e p a r a t e  
t r a n s m i s s i o n )  a n d  ( c )  i s  t h e  c o r r e c t e d  a t t e n u a t i o n  m ap o f  
t h e  sa m e p h a n to m  a f t e r  s c a t t e r  s u b t r a c t i o n .
C o n s i d e r i n g  t h e  p r e s e n c e  o f  n o i s e ,  o ( p ) ,  i n  t h e  
m e a s u r e m e n t  o f  p  v a l u e s  w h en  c o m p a r in g  t h e  v a l u e s  o b t a i n e d  
w i t h  t h o s e  v a l u e s  i n  w h ic h  n o  s c a t t e r i n g  c o n t r i b u t e d  t o  t h e  
t r a n s m i s s i o n  w in d o w  ( i . e .  i d e a l  c a s e ) , t h e  a d o p t e d  s c a t t e r  
s u b t r a c t i o n  t e c h n i q u e  w a s  s h o w n  t o  b e  a b l e  t o  m a in t a in  t h e  
a im  o f  ' o b t a i n i n g  . r e a s o n a b l e  a c c u r a t e  l i n e a r  a t t e n u a t i o n  
c o e f f i c i e n t s '  w i t h  r e s p e c t  t o  t h e  i d e a l  c a s e .  A  d i f f e r e n t
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F i g .  7 . 6  3D transmission image of the body phantom, using Tc-99m and the
gamma-camera (IGE 400T).
Method Attenuation coefficient (/i)-cm"1
Hot area (water)+a Cold area (sawdust)icr
Separate transmission 0.162*0.027 0.010*0.002
Concurrent emission 0.174+0.035 0.013*0.003
transmission
F i g .  7 . 7  Comparison of ne^  values for evaluation of the scatter subtraction
. I *
technique and related the 3D images.
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s c a t t e r  s u b t r a c t i o n  t e c h n i q u e  u t i l i s e d  b y  a n o t h e r  w o r k e r  
(B A I  8 7 ) ,  s h o w e d  n o  g r e a t  im p r o v e m e n t  i n  t h e  a c c u r a c y  o f  
o b t a i n i n g  t h e  p  v a l u e s ,  a l t h o u g h  t h e  s t u d y  w a s  c a r r i e d  o u t  
w i t h  p a t i e n t  d a t a  a n d  a  d i f f e r e n t  s y s t e m  g e o m e t r y  ( e g .  
g a m m a -c a m e ra  a n d  b r o a d  b ea m  g e o m e t r y )  w a s  e m p lo y e d .
7.8.2S EVALUATION OP QUANTITATIVE ACCURACY
T o  e x a m in e  t h e  a c c u r a c y  o f  t h e  p r o p o s e d  a t t e n u a t i o n  
c o r r e c t i o n  t e c h n i q u e ,  u t i l i s i n g  t h e  i t e r a t i v e  g r a d i e n t  
a l g o r i t h m ,  a n  e m i s s i o n  to m o g ra m  f r o m  t h e  p h a n to m  ( i . e .  s e e  
7 . 7 . I I . a )  c o n t a i n i n g  k n ow n  a m o u n ts  o f  r a d i o a c t i v i t y  w a s  
r e c o n s t r u c t e d .  T h e  a m o u n t o f  s p e c i f i c  a c t i v i t y  ( i . e .  
K B q .m l '1) i n  t h e  p h a n to m  w a s  i n  t h e  r a n g e  o f  57 t o  292 
K B q .m l '1. D a ta  f o r  an e m i s s i o n  a n d  t r a n s m i s s i o n  s t u d y  w e r e  
a c q u i r e d  a n d  t h e  e m i s s i o n  im a g e  w a s  c o r r e c t e d  f o r  d e c a y  a n d  
a t t e n u a t i o n .  T h e  a c q u i s i t i o n  p a r a m e t e r s  w e r e  t h e  sam e 
( i . e .  s e e  7 . 7 . I I . a ) .  S c a t t e r  c o r r e c t i o n  o f  t h e  e m i s s i o n  
d a t a  w a s  p e r f o r m e d  b y  t h e  m e th o d  o f  e n e r g y  d i s c r i m i n a t i o n  
( i . e .  s e t t i n g  20% w in d o w  o n  T c -9 9 m  p h o t o p e a k ) . T h e  
a c t i v i t y  w a s  c a l c u l a t e d  f r o m  t h e  e q u a t i o n :
A  =  [ 1 / e ]  x  [C (x#y<z)/ T .M ]  ( 7 . 1 1 )
w h e r e  A  i s  t h e  c a l c u l a t e d  a c t i v i t y  p e r  v o x e l ,  T  a n d  M a r e
p r o j e c t i o n  t i m e  a n d  n u m b e r  o f  p r o j e c t i o n s  r e s p e c t i v e l y ,  e 
i s  s y s t e m  e f f i c i e n c y  a n d  Ce i s  t h e  a v e r a g e  c o u n t  p e r  v o x e l  
i n  t h e  c h o s e n  r e g i o n  o f  i n t e r e s t .  F o r  a c c u r a t e  c a l c u l a t i o n  
o f  a c t i v i t y ,  s e v e r a l  r e g i o n s  o f  i n t e r e s t  o f  4 x  4 v o x e l s  
a n d  2 x 2  v o x e l s  w e r e  c h o s e n  i n  t h e  u n i f o r m  b a c k g r o u n d  a n d  
h o t  a r e a  r e s p e c t i v e l y  a n d  m ean  v a l u e s  w e r e  c a l c u l a t e d .  
R e s u l t s  a r e  sh o w n  i n  t a b l e  ( 7 , 2 ) .
T h e  o v e r e s t i m a t i o n  o f  m e a s u r e d  a c t i v i t y  i n  t h e  r e g i o n s  o f  
i n t e r e s t  c a n  b e  e x p l a i n e d  b y  t h e  f o l l o w i n g  f a c t o r s ;
( i )  -  A c c u r a c y  o f  s c a t t e r  s u b t r a c t e d  a t t e n u a t i o n  m ap , w h ic h
h a s  a l r e a d y  b e e n  d i s c u s s e d  ( i . e .  7 . 8 . 1 ) .  i
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R e g i o n  o f  
i n t e r e s t
C a l i b r a t e d
a c t i v i t y
- K B q .m l " 1
M e a s u r e d
a c t i v i t y
- K B q .m l " 1
P e r c e n t a g e  
d e v i a t i o n  -P D
U n i f o r m
b a c k g r o u n d 5 7 . 0 ± 0 . 6 6 4 ± 2 +12%
H o t  a r e a 2 9 2 . 0 ± 3 . 0 3 0 5 ± 7 +4%
T a b l e  7 . 2  Q u a n t i t a t i v e  e v a l u a t i o n  o f  a t t e n u a t i o n  
c o r r e c t i o n  u s i n g  s c a t t e r  c o r r e c t e d  
t r a n s m i s s i o n  t o m o g r a p h y
( i i )  -  E r r o r  i n t r o d u c e d  t o  n a r r o w  b ea m  g e o m e t r y ,  s i n c e  i n  
t h i s  s t u d y  t h e  r a y - s u m s  a r e  m e a s u r e d  a l o n g  p a r a l l e l  l i n e s  
a n d  t h e  r e c o n s t r u c t i o n  p r o c e s s  a s s u m e s  t h a t  t h e  p h o t o n s  
c o n t r i b u t i n g  t o  a  r a y - s u m  o r i g i n a t e  a l o n g  t h a t  l i n e .  
H o w e v e r ,  a s  f i g u r e  ( 7 . 8 )  i l l u s t r a t e s ,  s c a t t e r e d  p h o t o n s  m ay 
b e  r e c o r d e d  i n  a  p a r t i c u l a r  r a y - s u m  w h i l s t  o r i g i n a t i n g  n o t  
o n l y  f o r m  o u t s i d e  t h e  n a r r o w  b e a m  d e f i n i n g  t h a t  r a y ,  b u t  
a l s o  f r o m  w e l l  o u t s i d e  t h e  v o lu m e  o f  a c c e p t a n c e  o f  t h e  
d e t e c t o r  c o l l i m a t o r ,  e g .  p a t h  A B C , t h u s  g i v i n g  r i s e  t o  
e r r o r  i n  t h e  m e a s u r e d  r a y - s u m .
( i i i )  -  M e th o d  o f  s c a t t e r  s u b t r a c t i o n  f r o m  e m i s s i o n  d a t a  
( i . e .  p u l s e  h e i g h t  a n a l y s i s ) ,  w h ic h  d o e s  n o t  a d e q u a t e l y  
s u b t r a c t  t h e  s c a t t e r e d  p h o t o n s  ( i . e .  s e e  c h a p t e r  5 ) .
( i V )  -  F i n a l l y ,  a l t h o u g h  t h e  a n g l e  o f  a c c e p t a n c e  f o r  
p r i m a r y  p h o t o n s  i s  l i m i t e d  b y  t h e  d e t e c t o r s  c o l l i m a t o r  (6 *  
2 1 ° )  t h i s  d o e s  n o t  l i m i t  t h e  s c a t t e r i n g  a n g l e  o f  s c a t t e r e d  
p h o t o n s  r e a c h i n g  t h e  d e t e c t o r ,  e g .  p a t h  ADE ( f i g .  7 . 8 ) .  
F u r t h e r  m o r e ,  t h e  r a d i o a c t i v e  s o l u t i o n  (T c - 9 9 m )  w a s  
p r e p a r e d  a n d  m e a s u r e d  a t  S t . L u k e 's  H o s p i t a l  ( i . e .  
r a d i o i s o t o p e  l a b o r a t o r y )  a n d  w a s  t h e r e f o r e  s u b j e c t  t o  
m a n u f a c t u r e r 's  e r r o r  ( i . e .  1 -2 %  w a s  q u o t e d  b y  A m e r s h a m ).
C l e a r l y ,  t h e  a c h i e v a b l e  a c c u r a c y  d e p e n d s  o n  th<* a d e q u a c y  
o f  s c a t t e r  r e m o v a l  f r o m  t h e  e m i s s i o n  d a t a .  C o n s i d e r i n g  t h e  
p r e s e n c e  o f  e r r o r s  i n  t h e  e m i s s i o n  d a t a  a n d  c o n s e q u e n t l y  i n  
t h e  im a g e  p r o d u c e d  ( i . e .  i n t r o d u c e d  b y  t h e  a b o v e  f a c t o r s )
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F i g .  7 . 8  Geometry for emission tomography [redrawn from Sanders, 82]
t h e s e  i n i t i a l  r e s u l t s ,  h o w e v e r ,  d e m o n s t r a t e  t h e  p o t e n t i a l  
o f f e r e d  b y  t h e  t e c h n i q u e  t o  p r o d u c e  r e a s o n a b l y  a c c u r a t e  
q u a n t i t a t i o n .
7.8.3S IMAGE EVALUATION
F i g u r e s  ( 7 . 9 )  a n d  ( 7 . 1 0 )  r e p r e s e n t  t h e  im a g e s  o b t a i n e d  
f r o m  t w o  p h a n to m s  ( 7 . 7 . I I . a - b )  a n d  a r e  d e s c r i b e d  a s :
( a ) : 3D  r e c o n s t r u c t e d  i d e a l  e m i s s i o n  im a g e  f r o m
g e n e r a t e d  d a t a
( b ) : 2D t r a n s m i s s i o n  im a g e  f r o m  a  s e p a r a t e  
t r a n s m i s s i o n  s t u d y  ( i . e .  n o  s c a t t e r  c o n t r i b u t i o n  f r o m  t h e  
e m i s s i o n  d a t a )
( c ) : 2D p r e d i c t e d  s c a t t e r  im a g e  f r o m  t h e  e m i s s i o n
im a g e
( d ) : 3 D  im a g e  o f  t r a n s m i s s i o n  p l u s  s c a t t e r i n g  
o b t a i n e d  f r o m  c o n c u r r e n t  e m i s s i o n / t r a n s m i s s i o n  s t u d y
( e )  : 2D im a g e  r e s u l t i n g  f r o m  s u b t r a c t i n g  t h e  p r e d i c t e d
s c a t t e r  f r o m  t h e  o b s e r v e d  l o w e r  w in d o w  im a g e  ( i . ^ .  
t r a n s m i s s i o n  a n d  s c a t t e r i n g )
( f ) : 2D e m i s s i o n  im a g e  o b t a i n e d  f r o m  s im u l t a n e o u s
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a b
d
p i g .  7 . 9  2 & 3 D images reconstructed from the phantom (7.7.11.a).
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F i g .  7 .1 0  2 & 3D images reconstructed from the phantom (7.7.II.b).
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emission and transmission data, which was corrected for 
variable attenuation, utilising the corrected 
transmission data (i.e. attenuation map).
Emission data obtained from the above phantoms were 
also used to reconstruct images, utilising FBP and 
iterative gradient reconstruction algorithms (i.e. uniform 
attenuation correction was applied) and then images ere 
evaluated by calculating the quality factors: Qf. Qc, 6 ,  r 
(table 7.3). figure (7.11) represents images reconstructed 
by the FBP technique (i.e. standard SPECT) and the proposed 
iterative technique (i.e. simultaneous emission/ 
transmission) for visual inspection (mas 89) •
Reconstruction
technique
Attenuation 
(cm"1)
Qf'
Phantom-7.7.11.a
Qc' *• r
Phantom-7.7.1 lb
FBP
Iterative gradient
uniform (0.15) 0.51, 0.35, 0.74, 0.71 0.59, 0.40, 0.66, 0.62
I - Separate emission 
tomography
uniform (0.15) 0.58, 0.41, 0.64, 0.67 0.65, 0.79, 0.63, 0.53
II - Simultaneous
emission/transmission
variable 0.71, 0.82, 0.44, 0.45 0.84, 0.9, .29, 0.31
Table 7.3 Qualitative evaluation of reconstructed images 
with respect to the reconstruction technique 
and incorporated /xeff
Results show primarily, better improvement of quality 
factors when using the iterative gradient techniques. 
Results obtained by the developed technique, however, show 
further improvement which can be seen not only be visual 
inspection in the images produced, but by comparison of the 
calculated quality factors.
( 7 . 8 . 4 s  CONCLUSION I
The tomographic rig, employing a Nal(Tl) detector of 
50 x 50 mm and associated BBC micro-computer were used to
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Comparison of images reconstructed, visual inspection; 
(a) & (b): Employing standard SPECT method 
(c) & (d): Employing the developed technique.
evaluate the feasibility of the proposed technique. At a 
preliminary stage, a gamma-camera and a set of parallel 
line sources were employed to obtain a transmission 
tomogram from the body phantom. Data was transferred to 
the PRIME for the image reconstruction and further 
analyses. The technique can offer three main advantages 
in nuclear medicine studies:
(i) The ability to accurately determine the object or 
patient contour.
(ii) The ability to display subject anatomy as well as 
radiopharmaceutical distribution within the section 
of interest.
(iii) The possibility to accurately determine the 
attenuation coefficient (jueff) values for each 
voxel and therefore provide quantitative 
measurements of radionuclide concentration.
The need for an accurate body contour has been previously 
recognised as a severe problem in any direct or indirect 
attenuation correction (HAW 82) . Although SPECT images are 
useful, there is often a need to have a better 
understanding of the anatomy present in the image. This 
is particularly true where radiopharmaceutical uptake is 
regional, rather than a whole organ. Because the technique 
uses simultaneous studies, object repositioning problems 
are eliminated and it is possible to show radionuclide 
distribution along side the corresponding anatomy. The 
ultimate aim of the technique was more accurate attenuation 
correction and therefore, better quantitation in SPECT 
imaging rather than assuming a constant /xeff for an object.
The method of scatter prediction was successful, 
although more investigation is required to utilise 
different techniques to see the possibility of obtaining 
more accurate results and hence to produce a more accurate 
reconstructed attenuation map. Further investigation is 
required to minimise the over estimation of activity 
concentration in emission images by utilising a I different 
scatter subtraction technique (e.g. convolution technique). 
The simultaneous acquisition method eliminates the problems 
of repositioning and data translation, which arise when
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using an x-ray device (eg. TCT) to determine Meff« Finally, 
results show that the novel technique seems to present a 
promising and a practical approach to more accurate 
quantitative SPECT imaging.
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CHAPTER 8
Although some of the previous chapters have included 
conclusions of the work presented in those chapters, the 
main conclusions are summarised in this final chapter.
Accurate quantification of 'in-vivo' radionuclide 
distributions using SPECT requires good detectability as 
well as accurate measurement of both the size and 
radionuclide activity concentration in regions of interest. 
The most severe factors which could affect those 
requirements are attenuation and scattering. This work has 
concentrated on the effect of scattering, attenuation and 
looking at various techniques and interest on developing a 
method to achieve images with better quality and more 
accurate quantitation in nuclear medicine.
There are many methods of reconstructing an image. 
Interest in using iterative reconstruction techniques in 
routine clinical SPECT imaging increases as computer 
capabilities with respect to speed and storage in the 
medical field are improving and one of the aims in this 
work was to assess and to compare the behaviour of the 
technique under conditions encountered in nuclear medicine. 
Results obtained from phantom simulation studies showed 
promising improvement both quantitatively and 
qualitatively, especially for the cases where data were 
noisy (i.e. which is a common problem in nuclear medicine) 
or incomplete. Superiority of the iterative gradient to 
FBP for incomplete data was obtained by visual inspection 
of the image and response of the S function (i.e. 0.07<6 
<0.19 versus 0.09<<5<1.3 for FBP). Since data obtained by 
computer modelling was assumed to be noise free and 
scattering was ignored, further investigation is required 
to evaluate the behaviour of the iterative techniques where 
noise and scattering were encountered. i
For computer modelling and comparison of image 
reconstruction algorithms, a sophisticated package of 
computational subroutines called 'RECLBL' was used. The
CO NCLUSIO N  AND FURTHER SUGGESTIONS
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package was modified and fully implemented on PRIME, the 
University main-frame computer. The process of image 
reconstruction was very slow on PRIME (i.e. average CPU- 
40 Os) , whereas on the CRAY machine at the ULCC, it was much 
faster (i.e . ^  59s). Limited access to the CRAY was the 
main reason to use the PRIME. Further work is required to 
implement the package on PC computers. Two different 
systems, a rig-scanner and a gamma-camera were employed 
throughout this work. The scanner, which was built at the 
University was used to evaluate the feasibility of the 
developed technique 'simultaneous emission/transmission 
tomography'. The system was adequate for executing the 
technique, but it suffered from prolonged times of 
measurement, which was not really desirable. Prior to 
SPECT imaging, using the gamma-camera, some of the factors 
which may affect performance of the camera for quantitative 
measurement were investigated? the maximum variation of 
spatial resolution with depth in water was measured to be 
8% and it was considered to be almost constant with respect 
to the size of the error present? the system 
reproducibility for discrete sources was seen to be a 
function of source size as well as its location within the 
reconstructed slice. Maximum discrepancy in activity 
calculations (i.e. 55% below the expected value) was
obtained from the reconstructed image of the smallest 
source size (20 mm I.D.). Further investigation revealed 
that it is possible to achieve reproducible results within 
±5% as far as determination of relative concentration is 
concerned, if the size and location of discrete source are 
to be known quantities.
Although one of the ultimate aims of SPECT imaging is 
to provide quantitatively information concerning the 
radionuclide distribution in the object being scanned, it 
is essential to realise that much of the diagnostic 
information in nuclear medicine imaging is gained from 
visual examination of the images, where the presence of 
scattered photons causes loss of contrast and produces 
distortion in the images. Three different techniques to 
eliminate the scattering were investigated experimentally
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and the results were compared. Dramatic improvement of 
contrast for images of cold spots was obtained, when the 
method of deconvolution was utilised and quantitative 
evaluation of the uniform background was closer to the 
expected value with a PD of <-2%. Further investigation 
is required to expand the comparative study, employing 
phantoms of different size and variable radial distance 
(i.e. from centre of the body phantoms) . However, in 
chapter 5 some of the possible sources of error in the 
evaluation of scatter component were outlined.
Determination of the depth of the sources, Am-241 and 
Tc~99m, in the attenuating media, water and TEMEX, based on 
the SPR and response of the spatial resolution with depth 
was carried out. Results showed that both techniques
had the same range of depth sensitivity (i.e. increased by 
a factor of 2 for the absorbing medium of 0-100 mm depth) and 
there was no superiority of one to the other technique.
The potential of quantitative data from SPECT studies 
has been limited largely because of inability to accurately 
correct for the effect of photon attenuation. The 
principle aim of this work was to develop a technique which 
overcomes this limitation by measuring the jiieff of objects 
with a transmission scan concurrent with the measurement of 
radiopharmaceutical distribution. Chapter 7 describes the 
novel technique. Two problems were associated with the 
technique:
(a) - To choose a gamma-ray emitting source for
transmission study?
(b) - To subtract scattered photons from the transmission
image.
Using the Nal(Tl), with energy resolution of 12%, limited 
the choice of radionuclide. A Gd-153 point source was the 
radionuclide of choice for the transmission study, whereas 
the Tc-99m liquid source was utilised for the emission 
study. A linear relationship between the attenuation of 
, the two gamma-rays was found to exist. A technique of 
predicting and eliminating scattering from the transmission 
images based on convolution was utilised. Technique showed 
to be able to maintain obtaining a reasonable accurate
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attenuation coefficients (i.e. error was in range of 0.003- 
0.035 cm"1 for /xeff of 0.013-0.174 cm"1). Further
investigation, using different method of scatter prediction 
(eg. AXE 84) is necessary if more accurate results are 
required. Overestimation of activity (or count) in the 
emission images was noticed, possible reasons were 
primarily due to:
(i) The scatter prediction technique
(ii) Geometry of detector collimator
(iii) Method of eliminating scattered photons from 
emission data (i.e. pulse height analysis).
Using an efficient technique (eg. the deconvolution method) 
to eliminate scattering from the emission data is 
suggested, which may achieve better quantitative results. 
However, the simultaneous technique had been developed for 
broad-beam geometry (gamma-camera and an external source) 
and further studies are required to utilise the technique 
in a clinical-patient environment with respect to the 
source geometry, source strength, while keeping dose to 
patients as low as possible. The use of simultaneous 
emission/transmission tomography for diagnostic/therapy of 
radiolabelled monoclonal antibodies seem to be also an 
interesting area for further research, since quantification 
of radiopharmaceutical localisation in body organs or in 
a tumour requires adequate attenuation correction in SPECT 
imaging. By measuring accurately, the radionuclide uptake 
it is possible to determine the radiation dose required to 
kill malignant tissues. Combination of emission and 
transmission tomography will assist in the planning of 
further therapy so as to avoid wasteful administration of 
activity and minimise the radiation burden to normal 
tissues. The study maybe achieved by using Tc-99m and In- 
111 labelled monoclonal antibodies for transmission and 
emission studies respectively. A similar approach by a 
group of workers (SET 87) , employing a gamma-camera has 
achieved promising results. Finally, the novel(technique 
seems to have potential for more accurate quantitative 
SPECT imaging with pursuing further investigation. 
However, it offers three pieces of information:
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(i) production of object contour
(ii) Display of object (or patient) anatomy
(iii) Possibility to accurately determine p values for 
SPECT studies without in any way compromising the 
emission scan of radiopharmaceutical distribution.
A procedure to enable and to facilitate the evaluation and 
comparison of images with respect to different
reconstruction techniques and various methods of 
attenuation correction was defined and it was tested on 
images obtained from phantom studies under particular 
conditions which might be useful in clinical practice. 
Results showed improvement of the quality factors ' Qf, Qc, 
8 ,  r 1 for images reconstructed by the iterative gradient 
and accompanied by correction of p eff obtained from the 
transmission study (i.e. ^  8%, 1%, 50% and 30%
respectively). It must be stressed that there is no unique 
and definitive measure of image quality and the success of 
an image lies in its usefulness in application for which it 
is intended, but the above procedure seems to fulfil the
aim of image quality measurement reasonably VeJ-l under the
conditions stated.
The method of odd sampling data acquisition which is 
applicable to any form of source distribution showed 
noticeable improvement on images when compared to the 
images obtained by the even sampling technique, with 
respect to Qf, r and visual inspection. Maximum variation 
of Qf was 2% and 1% for hot and cold phantom images with PD 
varied between 0.4-2.6% with respect to the ideal case 
(i.e. Qf = 1). Further investigation may be useful to 
obtain the response of the technique, when statistical 
noise is added to the simulated data.
Finally and more generally, as the instrumentation for 
SPECT is continuously improving, the future success of 
quantitative imaging in nuclear medicine,using SPECT relies 
in the development of new clinically useful 
radiopharmaceuticals.
o
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APPENDIX A
Using the notation in figu re  (3.1) and i f  F (R x ,,e ) in the one dimensional 
Fourier transform  o f the projection, P (x ',0 ),
A. I Mathematical theory
F (R X i,0) = P (x ',0 )  exp 2n iR x, x 1 dx 1 ( A l )
where R x ' is the spatial frequency axis parallel to x '  axis. Substituting 
fo r  P (x ', e )  from  equation (3.1),
F (R x i,e ) = f ( x ' , y ' )  exp - 2JT|. R x ,x ‘ d x 'd y 1 (A 2 )
H ow ever i f  G (R x , ,R y , )  is the two dimensional Fourier transform  o f  
f ( x ' . y ' ) ,
G (R x i,R y ( ) ■= f ( x ' , y ' )  exp
—C
com paring equation (A .2 ) and (A .3 ),
-2 rtj(R x i x '+  R y  i y 1) d x 'd y ' (A 3 )
F (R x ,0) = G (R x i, R y l ) i f  R y , = 0 (A .4 )
therefore, the one-dimensional Fourier transform  o f  the projection, P (x ', e )  
is a central section o f  the two-dim ensional Fourier transform  o f  the 
function, g(x ,y ). This is known as the Central Section Theorem.
Replacing x '  by i ,  and R x , by R , equation (A . l )  can be rc-writtcn
as:
F (R ,e ) = P ( ! ,e )  exp -27liRi d i (A .5)
Using the Control Section on Theorem  and converting to polar coordinates
f (r ,e )  =
f7T I*00
F (R ,0 ) exp 27TiRr cos (<p -  0) iR ld R d © (A .6 )
0 ' —CO .
inverting equation (A .5 ),
P(S,6) = F (R ,e ) exp 2niR£ dR
D efin in g  a new quantity, P '( i ,G ),  by:
P ' ( i , e )  = |R IF  (R ,e ) exp 2n iR i dR
and com paring equations (A .6 ) and (A .8 )
(A .7)
(A .8 )
f (r ,e )  = p ' ( i  = r cos (<fi—©), e ) d e (A .9)
Equation (A .9 ) is equivalent to equation (3.5) and states that the function 
f ( r ,4>) can be determ ined from  back pro jection  o f  the quantity p '(4  = r cos 
(</>-©), e ) and integrating over 0. Com paring equations (A .7 ) and (A .8 ), the 
Fourier transform  o f  f(4,© ) is F (R ,e ), w h ile  the Fourier transform  o f 
P ' ( i , e )  is I r I  x F (R ,e ), so that
F T  ■ P '(a ,e )  ■ «  F T  ■ P ( i ,e ) x  F T q (.&) (A .10)
where
q ( i )  = |R I exp 2niR4 dR ( A . l l )
Equation (A .10) and ( A . l l )  are equ ivalen t to equation (3.6). Using the 
well-known convolution theorem fo r  the inverse o f  product o f  Fourier 
transforms, it fo llow s from  equation (A .10 ) that p ' ( i , e )  is the convolution 
o f  P (4,8) and q ( i ) .  That is,
_<»
P '( i , 0 )  = P(J? ',©) q ( « - * ' )  d £ ' (A .12)
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The function, q(J!) , is known as the convolu tion  function , and the values 
o f  p '(4 ,6 ) are usually referred  to as the convo lved  pro jection  data.
A P P E N D IX  B
The image display program is called PLUTOSB. This program runs on 6502 second processor. On 
accessing the program i.e. by typing CHAIN"PLUTOSB" or using LOAD followed by RUN commands, the 
user is presented with three display options:
- colour scheme : a monotonically varying heat colour scheme ranging between a black
background through red to white.
- grey level : ranging between black and white.
- rainbow : a discrete rainbow colour scheme with each colour varying from black
to the maximum full colour.
IM AG E D IS P L A Y  (PLU TO SB )
Having chosen one 
1.RF, Read File
2.GL
3.LS, Line Scan 
4.WD, Window
5.ST, Mean
6.R1, Region of 
Interest
7.HS, Histogram
8.CT, Catalogue
of the options above, the user is given a menu containing eight choices,
: Reading in of an image file. This allows for swapping of alternate 
line of image data i.e. images obtained in Compton scattering tomography 
where data is collected by alternate motion of the object 
platform. This options has to be chosen before selecting the 2nd-7th option.
: Displaying the image in any of the 7 sections of the screen.
: Displaying graphically the variation of the image parameter 
along a line across the image.
: Changing the dynamic range of display for contrast enhancement.
The program asks the user to supply the lower and upper windows.
: Averaging values of the image parameter in a given region of 
interest by supplying coordinates of the upper left hand corner and 
lower right hand corner points.
: Zooming a particular region of the image for a closer look. Again the 
coordinates of the upper left hand corner and lower right hand corner 
of the region have to be supplied by the user.
: A statistical representation of the image parameter. The value of the 
image parameter is plotted against its frequency.
: Displaying files stored in the disc, without quitting the program.
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